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Abstract 
The replacement of internal combustion engines used for transportation by polymer 
electrolyte membrane fuel cells (PEMFCs) is one goal of the future since they are 
clean, quiet, energy efficient and capable of quick start-up. At present, fuel cells are 
receiving much attention at both fundamental research, and technology development 
levels, but cost is the main factor that hinders the commercialisation of PEMFCs. 
In order to reduce cost, a better, fundamental description of fuel cell operation than 
is presently available is required. The operation of PEMFCs simultaneously involves 
electrochemical reactions, current distribution, fluid mechanics, multicomponent mul-
tiphase mixtures, and heat transfer processes. It is important to have a comprehensive 
mathematical model to provide improved understanding of the interactions between 
various electrochemical and transport phenomena in PEMFCs in order to aid in the 
design and optimisation of fuel cells. This thesis describes research at developing such 
a comprehensive model. 
Based on literature reviews, water management is identified as one feature critical 
to fuel cell operation. Too much water will result in fiooding of the cell, which will lead 
to transport limitations of fresh reactants. On the other hand, water depletion will 
cause the membrane to dry out and hence lead to reduced conductivity. Both these 
effects undermine performance. Most existing models of PEMFCs are either one- or 
two-dimensional, and many are based on only a half cell (i.e. either anode or cathode 
analysis in isolation). In order to understand the water management aspect of practi-
cally realisable fuel cells, it is l!ecessary to have a fully three-dimensional model that 
includes both anode and cathode. The focus of this study is therefore to develop a 3D 
•• , r' 
model of a complete PEMFC based on introducing electrochemistry and associated 
species transport considerations into an existing computational fluid dynamics (CFD) 
code. 
The approach adopted here is first to select (and incorporate into the CFD code) 
a fluid flow model that is equally valid in both porous and non-porous regions in the 
fuel cell. This has been validated analytically. A two-dimensional model of a cath-
ode with an interdigitated flow distributor is· then used as a test case for inclusion of 
electrochemical reactions. This is verified with data obtained from the literature. The 
simulation is then further developed to incorporate the anode, resulting in a complete 
Abstract 
3D PEMFC model. Experimental data are used to verify the model. Good agree-
ment is obtained between the experimental data and the simulated results, including 
data taken on a local basis as well a.s for overall fuel cell performance. This is the 
first time a PEMFC model has been verified using experimental data on a local basis, 
e.g. comparing predicted properties along the gas tracks; these calculations have also 
demonstrated the effects of the gas supply manifolds. To illustrate the potential of the 
developed model, it is used to predict current and species distribution in a PEMFC 
under a range of realistic operating conditions. It is demonstrated that the model can 
serve as a good foundation for future development of a computationally based design 
and optimisation method. 
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Chapter 1 
Introd uction 
1.1 What is a Fuel Cell? 
A fuel cell operates like a battery. Both operate by combining a fuel and an oxidant 
electrochemically to produce electrical energy. The main difference between a fuel cell 
and a battery is the way in which the fuel and oxidant are stored. In a battery, a 
fixed amount of reactants are stored. When the reactants are depleted after producing 
current for some time, the battery has to be thrown away (primary battery) or it has 
to be re-charged (secondary battery). In the case of a fuel cell, it does not run down or 
require any charging. As long as fuel is supplied, it will continue to produce energy in 
the form of electricity and heat. A Simplified diagram of a fuel cell is shown in Figure 
1.1. 
A fuel cell is made up of two non-consumable electrodes (cathode and anode), be-
tween which is sandwiched an electrolyte membrane, a material that allows charged 
molecules or ions to move through it. At the electrode/membrane interfaces is a layer 
of catalyst that triggers the electrochemical reactions. Oxygen or air is fed into the 
cell through the cathode while fuel, typically hydrogen, is fed through the anode. Hy-
drogen atoms in contact with the catalyst at the anode electrode/membrane interface 
will split into a proton and an electron. Protons will pass through the membrane elec-
trolyte to the cathode (the electrolyte membrane has the special property of allowing 
protons to pass through) while the electrons will be utilised in an external circuit be-
fore returning to the cathode, to be reunited with protons and oxygen in a molecule of 
water. The water created does not dissolve in the electrolyte but is removed from the 
cell either through the anode or cathode or both, depending on the balance between 
electro-osmotic drag and back diffusion across the membrane, and convective trans-
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Figure 1.1: Schematic diagram of a fuel ceU 
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port down the anode/cathode gas channel. Electro-osmotic drag OCCm s when protons 
move across the membrane electrolyte from the anode to the cathode side. In the 
process of doing so, tbey tend to drag some water molecules along with them. Back 
diffus ion occurs when a concentra tion difference of water is created between the anode 
and cathode sides, due to tbe water created in the catbode from tbe oxygen red uction 
reaction and tbe water dragged from the anode side across tbe membrane. More on 
tbe transport of water across tbe membrane will be discussed in section 2.1.3. As the 
polymer electrolyte membrane fuel cell (PEMFC) operates at about soac, the water 
produced is predominantly in the liquid form and it is removed from the cell by the 
fueI/oxidant flow through the gas charulels. 
Fuel ceUs forego the traditional extraction of energy in the form of combust ion heat 
release, conversion of this heat energy into mechanical energy and finally turning me-
cbanical energy into electricity [1]. illstead , fuel cells chemically combine the molecules 
of a fue l and oxidizeJ' without burning, dispensing with tbe inefficiencies of pollut ion 
and traditional combustion (Figure 1.2). In addi tion, fuel cells are completely silent 
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and much more of tbe energy is wllvertcd into electricity, compared to a combined 
heat and power system (CHP). 
Chemical energy of the 
Mechanical energy 
conversion 
Electrical energy 
fuels Direct energy conversion conversion 
for fuel ceHs 
F igure 1.2: D irect energy cOllversiou o[fuel cells ill comparison to conventional ind irect 
tecb nology 
1.2 Types of Fuel Cells 
Fuel cells can be classified as high, med ium or low temperature cells, according to 
the type of elect rolyte a nd t he form of t be fuel and ox idant used. The six types of 
fuel cells t hat are clUTeLltly in commercial use are shown ill Table 1.1 [2] and their 
respective electrode reactions are given in Table 1.2 [2]. 
It sbonld be noted tbat oxidants for use in cells, in general , are li mited to oxy-
gen, air and bydrogen peroxide. Air and oxygen can nsually be used interchangeab ly. 
However, a power loss o[ 40-50% is oFten realised when air is substituted for oxygen 
in a low temperattu'e system. This is because wben air is used instead of oxygen, tbe 
partial pressm'e of oxygen will be reduced and hence, if all other operat ing condi tions 
arc kept constant, Less oxygen will reach the catalyst layer for electrocbemical reaction 
to take pLace, Leading to a Lower current densit)' obtained . 
In the research work descr ibed in this t hesis, at tention is focused on the polymer 
electrolyte membrane fuel cell. Hence, a brief description of the PEMFC will be given 
1.2. Types of Fuel Cells 
Type Operating 
tempera-
ture (OC) 
Electrolyte Efficiency Present or potential applicat ions 
Polymer electrolyte 50-80 
membrane fuel cell 
(PEMFC) 
Direct methanol 50-90 
fuel cell (DMFC) 
Alkaline fuel eel! 60-90 
(AFC) 
Phosporic ac id fuel 160-220 
cell(PAFC) 
Molten carbonate 620-660 
fuel cell (MCFC) 
Solid ox id e fuel eel[ 800- 1000 
(SOFC) 
(%) 
Polymer mem- 50-60 
brane(Nafion / Dow) 
Polymer mem- ",40 
brane(N afion / Dow) 
35-50% !(O H 50-60 
Concentrated phos- ",55 
phoric acid 
Iv!o iten carbonate 60-65 
me lts(LiC03/NuzC03) 
Yurium-stabilised 55-65 
Zirkondiox ide(ZrOZ/Y2 0 3) 
Automobi les, light duty vehicles, 
buildings. 
Portable devices 
Space vehicles. Possible uses in 
land vehicles and submarines. 
rvledium scale CHP systems, hos-
pitals, nursing homes, hotels, office 
buildings, schools . 
Medium to large scale C HP sys-
tems. 
All sizes o f CHP system s. 
Table 1.1 : Different types of fuel cells [2J 
in chapter 2 . The PEMFC is a lso known as the proton exchange membrane fuel cell 
or so lid polymer fuel cell (SPFC) . The distinct difference between t his type of fuel 
cell and others is that the electrolyte used is typically a sulphonated fluoropol ymer 
ion exchange membrane instead of a liquid acid ic or alkaline electrolyte. This type of 
membrane is a very good proton conductor as long as it is kept well hydrated. Hence, 
proper water management is crucial. 
Type Anodic reaction Charge Cathode react ion 
carrier 
Polymer electrolyte lh --t 2H ++2e /-/ + ~02+2H++2e -jo H2O 
membrane fuel cell 
(PEMFC) 
Direct methanol fuel C/-/JO H+[I,O -; 6f-{+ +COd6e- f-{+ G I·I ++Ge-+~02 --t 3lfzO 
cell (DMFC) 
Alkal ine fuel cell f/2+20 fI - --t 2H zO+2e- O f-{ - t02+ JhO+2e- --t 20H -
(AFC) 
Phosporic acid fuel Ih --t 2U ++2e- H + ~02+2 fT++2e- --t H2 O 
cell (PAFC) 
Molten carbonate fuel il2+Coi- --t IhO+C02+2e- coi- tOz+C02+2e- --t CO;-
cel l (MC r C) 
Solid oxide fuel cell Ih+O - -+ HzO+2e- 0 - ~02 +2e- -+ 0-
(SOFC) 
Table 1.2: Electrode react ions for the different types of fuel cells [2J 
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T he electrodes used are usually porous gas diffusion layers which are made of car-
bon cloth or paper. Polytetrafluoroethylene (PTFE) is usually incorporated within 
the carbon cloth and it serves two purposes: binding the high density surface carbon 
particles into a cohesive layer, and imparting some hydrophobic character to the layer. 
When PTFE is incorporated into the electrodes, it creates separate "channels" through 
w hicl! the gas and water can travel. The water is repelled from travelhng along the 
PTFE lined channels due to the greater water contact angles. Hence, it t ravels mainly 
along the non-PTFE lined channels. T he reactant gases will then travel in the PTFE 
lined channels since in a well humidified cell , the non PTFE lined channels will be 
filled partially with liquid water. A platinum (Pt) based catalyst is deposited at the 
electrode/membrane interfaces and this promotes the rate of electrochemical reactions 
for a given surface area. The composite structure of PTFE and carbon establishes 
an extensive three phase interface in the porous electrode. The current collectors are 
usually graphite Or metal plates with gas distribution channels embedded into them 
to enable reactant gases to flow into the cell and unreacted gases and products out of 
the cell. 
The operating temperatnre of a PEMFC is usually kept under 100°C because the 
membrane tends to dry up easily if the temperat ure gets too high. Hyd rogen usually 
serves as the fuel while oxygen or air acts as the oxidant. Other carbonaceous gases 
may be used as the fuel but they first need to be reformed to extract hydrogen. 
The anod ic catalyst can be poisoned with carbon monoxide and sulphurous com-
pounds [3J [4J. Hence, it is necessary that any unreacted fuel has to be "cleaned" 
of these compounds before they are recirculated into the cell again. The sulphurous 
compounds are best removed from the fuel before entering the reformer while carbon 
monoxide can be oxidised to carbon dioxide via partial oxidation . 
1.3 H istory of Fuel Cells 
Despite their modern high-tech aura , fuel cells actually have been known to science 
for more than 150 years. Though genera lly considered a curiosity in the 1800s, fuel cells 
have become the subject of intense research and development, especially since World 
War H. Below, a brief overview is given of a few of the earlier fnel cell researchers and 
their contributions: 
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William Robert Grove (1811·1896) [5][6][7][8], an English lawyer turned scient ist , 
won renown for his development of an improved wet-cell battery in 1838. The "Grove 
cell", as it came to be called , used a platinum electrode immersed in ni tric acid and a 
zinc electrode in zinc sulphate to generate about 12A of current at about 1.8V. Grove 
discovered that by arranging two platinum electrodes with one end of each immersed in 
a container of sulphuric acid and the other end separately sealed in containers of oxy-
gen and hydrogen, a constant current would flow between the electrodes. T he sealed 
containers held water as well as the gases, and he noted that the water level rose in 
both tubes as the current fl owed. 
In 1800, Bri tish scientists William Nicholson and Anthony Carlisle had described 
the process of using electricity to decompose water into hydrogen and oxygen. But 
combining the gases to produce electricity and water was, according to Grove, "a step 
fur ther than any hi therto recorded". Grove realised that by combining several sets 
of these electrodes in a series circui t, he might "effect the decomposition of water by 
means of its composition" . He soon accomplished this feat with the dev ice he named 
a "gas battery" - the first fuel cell. 
Chemist Ludwig Mond (1839-1090) [9J spent most of his career developing indus-
trial chemical technology such as soda manufacturing and nickel refini ng. In 1889, 
Mond and assistant Car I Langer described their experiments with a hydrogen-oxygen 
fuel cell t hat at tained 6A/ft2 (o f electrical surface area) at 0.73V. Mond and Langer's 
cell used electrodes of thin, perforated platinum. T hey noted difficulties in using liquid 
electrolytes, saying "we have only succeeded by using an electrolyte in a quasi-solid 
form, viz., soaked up by a porous non-conducting material, in a similar way as has been 
done in t he so-called dry piles and batteries" . An example given is an earthenware 
plate "impregnated by dilute sulphuric acid" . 
Friedrich Wilhelm Ostwald (1853-1932), a fowlder of the field of physical chemistry, 
provided much of the theoretical understanding of how fuel cells operate. In 1893, he 
determined experimentally the interconnected roles of the various components of the 
fuel cell: electrodes, electrolyte, oxidising and reducing agents, anions and cations. 
Grove had speculated that the action in his gas battery occurred at the points of 
contact between electrode, gas and electrolyte, but was at a loss to explain further. 
Ostwald, drawing on his pioneering work in relating physical properties and chemical 
reactions, solved the puzzle of Grove's gas battery. His exploration of the underlying 
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chemistry of fuel cells laid the groundwork for later fuel cell researchers. 
Emila Baur (1873-1944) (10j of Switzerland (along with several students at Braun-
schweig and Zurich) conducted wide ranging research into different types of fuel cells 
during the first half of the twentieth century. Baur 's work included high temperature 
devices (using molten sil ver as an electrolyte) and a unit that used a solid electrolyte 
of clay and metal oxides. Francis Thomas Bacon (1904-1992) began researching alkali 
electrolyte fuel cells in the late 1930s. In 1939, he built a cell that used nickel gauze 
electrodes and operated under pressure as high as 3000psi. During World War n, 
Bacon worked on developing a fuel cell that could be used in Royal Navy submarines, 
and in 1958 demonstrated an alkali cell using a stack of 10 inch diameter electrodes 
for Britain 's National Development Corporat ion. Though expensive, Bacon's fuel cells 
proved reliable enough to attract the attent ion of Pratt and Whitney. The company 
licensed Bacon's work for the Apollo spacecraft fuel cells. 
The National Aeronautics and Space Agency (NASA) was the first V.S. federal 
agency to specify a fuel cell as part of a required power system. T he agency invited 
bids for fuel cells in the auxiliary power requirements for some space projects. Multi-
million dollar appropriations had been made for this effort. Hence, it was assured that 
fuel cells would be app lied practically because of their impact on a highly visible space 
project. 
The populari ty of the PEMFC began when the solid polymer electrolyte membrane 
fuel cell system of the General Electric Company was chosen to be used in the Gemin i 
space flights . The requirement of the fue l cell systems for space applications are high 
power and energy densities with respect to weight and volume, high efficiencies, few 
moving parts, minimum noise and vibration, and reliability. The General Electric solid 
polymer electrolyte membrane fuel cell system, with a power output of 1 kW, was used 
as an auxiliary power source in the space vehicles. The pure water (product of the fuel 
cell reaction) was used for drinking purposes by the astronauts [5] . 
The General Electric Company pursued the development of polymer electrolyte 
membrane fuel cells after their use in the Gemini space flights. A major breaktlu'ough 
was the identificat ion of the perfluorinated , sulfonic acid polymer , Nafion (produced 
by DuPont) , as the electrolyte in the mid 1960s. T he main advantages of Nafion over 
polystyrene sulfonic acid membranes are; 
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1. higher acidity because of the presence of fluorocarbon rather than hydrocarbon 
groups (the fluorine atom is an electron acceptor) , and 
2. higher stability of the C-F compared with the C-H bond in the electrochemical 
environment. 
However, progress III t his technology was slow due to the "drying out" of the 
membrane during operation of the systems. The major problem enco untered with 
the General Electric fuel cell was keeping the membrane wet under operating condi-
tions. Proper humidification of the reactant gases was necessary. T he General Electric 
Company solved the water management problem by: 
1. internal humidification of the reactant gases in a separate chamber , and 
2. different ial pressurisation, i. e. using a higher pressure on the cathode side (10 
atm with air) than on the anode side (2 at m with hydrogen). 
The Canadian Department of National Defence and National Research Counci l 
took interest in the polymer electrolyte membrane fuel cell in 1983 as a potential 
power somce for military applications. It was realised that the fuel cell would have 
to be mod ified to make it more affordable for this purpose. Balla rd Power Systems 
first began work with the PEMFO in 1984. Their first objective was to design a cell 
t hat could run on air rather than on pure oxygen. Another objective for red ucing the 
cost was to replace the nobium electrode plates in the NASA cell with a less expen-
sive graphite version. A longer term goal was to develop a cell that would operate on 
reformed hydrocarbon fuels and to develop a selec tive oxidation process to oxidise 00 
(harmful to the cell) in the reformed gas. 
In 1987, Ballard made a breakthrough in PEMFO performance using a new, sul-
fonated ftuorocarbon polymer membrane from Dow Chemical, similar to the earlier 
Nafion membrane developed by DuPont , but capable of producing four times the cur-
rent at the same operating voltages that the Nafion membrane produced. When placed 
in the improved Ballard hardware, the new Dow membrane produced 4.3A/cm2 at 
O. 5V /cel! running on hydrogen and oxygen at 3.5ba1'. This represents an area power 
density of 2.1SW /cm2 . Using air at 3.5bar, the current density obtained was 1.1A/cm2 . 
1.4 Economic Benefits of PEM Fuel Cells 
The use of fuel cells can make an important contribution to the problems of local 
and diversified power production (I1J. The first fuel cell power plants in the range of 
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l-lOMW have been installed and they can operate at partial load (fitting the particular 
demand schedule) with high efficiency. From the standpoint of capital investment needs 
for industrial projects, this represents very considerable savings because the output of 
fuel cells can be added in accordance with the local requirements, even on a yearly 
basis. This also obviates the construction of expensive (and sometimes objectionable) 
transmission lines and high charges for short periods of peak power demands. Such 
fl exibility is not possible with conventional, capital-intensive, large base- load power 
plants. T he total power cost of a fuel cell will, of course, have to include the com-
ponents needed to make it grid compatible, such as the reformer unit and the dc/ac 
converter. The most sensiti ve factor is the service life expectancy of the fuel cell 
electrodes, or their permissible degradation slope witb various operating schedules: 
continuous or intermittent load profile, peak load conditions or nearly open circuit 
idling of the fuel cell. Knowing such data accurately and baving them recognised by 
the manufacturer and user alike, is important in order to be able to separate the cost 
of the conventional installat ion components (e.g. the heat exchange system) from the 
fuel cell electrode assembly (stack, uni t or module) replacement needs. 
The capital investment and operating cost considerations are strongly influenced by 
the initially installed power level, the time of planning for later expansion to a higher 
output and for rout ine replacement of stack sections on a defined service schedule. 
The tendency of manufacturers is to make the electrode stack expendable and its 
product ion cost as low as possible, by using automated large-scale processes, low-cost 
materials (like carbon and plastic) and assuring that all noble metal catalysts are 
nearly completely recoverable by recycling. The reformer will require maintenance 
with respect to an exchange of the catalyst beds at specified intervals . The chemical 
industry has optimised reformers to have a high effi ciency (65-75%) and the catalysts 
are now at relatively low cost . The total reformer effiCiency, including the usable 
heat , is in the range of 85-93% and from the point of view of the power companies, 
a reduction in the heat loss is an important factor. The lowering of insulat ion losses, 
maximum use of hot steam on one level, use of low temperature effluents for warm 
water heating and the utilisation of condensation heat are all under consideration. An 
important point for the use of reformers to produce hydrogen gas from natural gas or 
any carbon-containing fuel is the poss ibility to separate carbon dioxide and poss ibly 
re-use or dispose of it. The higher the initial effi ciency of conversion, the less C0 2 is 
emitted as pollutant per kW electric power produced. In this case, fuel cells can be 
credited with another cost reduction factor. Cost estimates for the PEMFC vary from 
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US$30 000 per instaJled kW down to several US$lQO/ kW. The l'ange is wide open for 
speculation. 
1.5 Current Projects and Applications for Fuel Cells 
In J apan, the government and industry have placed a high priori ty on the develop-
ment of fuel cells. The govern ment has made significant expend it ure in this area, and 
some of the largest Japanese industrial companies have provided substanti al resources. 
Government subsidies have ranged from 100% of the costs associated with R&D to 50% 
of the costs for pilot plants , and finally, 33% of the cos ts rela ted to the construction 
and operation of fuel cell power genera tion systems. 
In Europe, the European Communi ty has responded to the public's increasing 
support for various "green" poli t ical parties by enacting restr ictive legistration that 
details reductions in C02 , NOx and other greenhouse gas emiss ions. With respect 
to fuel ce lls, the Commission of the European Communit ies (CEC) has established a 
fuel ceJl commercialisation programme. Specifically, CEC provides fu ll funding for all 
marginal costs (e .g. services , special capital equipment) associated with the production 
of fuel cells provided that at least two European Member States prov ide 50% of the 
direct financing required for industrial development. The research and development 
work on PEMFCs has reached a current peak, also as a result of the successful demon-
strations in Canada and the R&D funding in the USA. Siemens AG in Germany is 
building fuel cell stacks for submarines on a government contract. Mercedes Benz AG 
has started a large electric vehicle project on the basis of the licensed PEM Ballard 
fuel cell concept , but with new design goals aiming at principa l improvements of the 
system (heat exchange, water removal, etc. ). Research efforts are concentrating on 
the anodic degradation of the membrane materials, gas cross-leakage and essentially, 
operating life problems due to catalyst poisoning. A reduction of cost by minimising 
the amount of platinum catalyst is of COurse essential. At the Paul Scherrer Institute 
in Switzerland , intensive basic studies of ion exchange membrane problems are being 
performed. 
A European Union sponsored program for the VW vehicle is being undertaken by 
Volkswagen, Volvo, Johnson Matthey, the Netherlands Energy Research Foundation 
(ECN) and Ballard. This system will be fuelled with methanol that is reformed by the 
Johnson Matthey autothermal reformer. Ballard has supplied fuel cells that are mod-
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ified for this type of fuel. The fuel cell system will prov ide energy to t he battery that, 
under low-demand condit ions, will store the energy for use in high demand situations 
such as acceleration. This configuration can take advantage of operating the reformer 
and fuel cell at constant and high efficiency. 
A major alliance has been formed to commercialise PEMFC technology for trans-
portation purposes. Ballard has heen developing PEMFC for a variety of applicat ions 
since 1983. Due to hav ing the most advanced technology, the most extensive hu-
man resources, fac ili ties and in frastr ucture, a dominating patent position and a near 
monopoly of the customer base, Ballard has established a universally accepted lead-
ership in this area. In 1993, Daimler and Ballard embarked upon joint development 
activity to improve the fuel cell for transportation applications. The result of this 
efl'ort was a dramatic increase in the power density of the fuel cell, sufficient to meet 
the needs of fuel cell vehicles. In addit ion , Daimler embarked on an ambitious demon-
stration vehicle program resulting in the NECar I, n, III and the NEBus. 
Ballard Power Systems "Zero Emission Transit Bus" in Canada is presently the 
most sought after prototype for a PEMFC vehicle. It does not use a hybrid system. It 
uses compressed hydrogen gas and can carry 21 passengers over a distance of 160km. 
It looks like a diesel trans it bus and is supposed to match diesel performance at lower 
electricity cost than an electric trolley bus. In the development program, wh ich is 
supported by the British Columbia 'I\'ansit Co., the BC Government , the Canad ian 
Government and California 's South Coast Air Quali ty management District, the use 
of a methanol reforming system is also being considered. 
In USA, the big-3 automakers, Chrysler Corporation, Ford Motor Co. and 
General Motors Corporation, are all working on fuel cells. 
Chrysler Corporation: Chrysler has mmounced an ambitious and ground break-
ing project to use gasoline as the fuel for a fuel cell vehicle. T he Delphi subsidiary of 
General Motors that developed the overall fuel cell system for Cluysler and Delphi , is 
also developing a gasoline reformer for this project . Fuel cells lend themselves well to a 
hybrid configuration and the proposed Chrysler vehicle is an example of such a hybrid. 
This vehicle will utilise a 25kW fuel cell system and batteries for peak power. Ballm'd 
is supplying a fuel cell for this vehicle that is specifically modified for operation on the 
dilute hydrogen and other constituents which are produced from the reforming of gaso-
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line. Chrysler has contracted with Delphi Automotive Systems to develop a fuel cell 
engine system for the car. Delphi has placed a US$4 million order with Ballard Power 
Systems for the fuel cells to be used in the system. In early 1997, Chrysler unveiled a 
full-size model of a fuel cell vehicle that would run on gasoline. The fuel cell system 
utilises a fuel reformer, developed by Arthur D. Lit tle, Inc., which converts gasoline 
and other liquid fuels to hydrogen onboard the automobile. Chrysler expressed hope 
that it could have a commercialised working vehicle by 2015 in mid-size car. 
Ford Motor: Ford and Ballard have had ongoing discussions l'egarding fuel cells 
for transportation applications since the early 1990s. Ford has participated in the US 
Department of Energy (DOE) fuel cell program. Ford has worked with Ballard , Inter-
national Fnel Cells and Mechanical technology Incorporated on its P2000 programme 
to produce fuel cell powered family sedan wi th advanced drivetrains. In December 
1997, Ford announced that it would bring its electric technology and US$420 mil-
lion to a new international fuel cell vehicle alliance wi th Ballard Power Systems and 
Daimler-Benz. Ballard is the leading supplier of PEM fuel cells for t ransportation 
applications. At the Detroit Motor Show in 1998, Ford unveiled a fuel cell version of 
the P2000 vehicle. The P2000 vehicle is a lightweight vehicle being developed under 
the US Partnership for a New Generat ion Vehicle Program (P NGV). The Canadian 
government and Ballard are jointly funding the engine development. T he Canadian 
government is providing the engines to Ford under a co-operative agreement with the 
PNGV. 
General Motors: General Motors (GM) has a long history of involvement in 
PEM related technology, having initiated a fuel cell development program in early 
1988 and participating in DOE funded programs since 1991. Balla rd has been a fuel 
cell supplier to various GM subsidiaries since 1991. GM is working with Delphi and 
Ballard to develop fuel cell engines. In January 1998, at the Detroi t Motor Show, GM 
unveiled an advanced model of a fuel cell drivetrain. This vehicle ut ilises a fuel cell in 
a hybrid configuration with batteries . The proposed fuel is methanol from an on-boar'd 
reformer. The methanol reformer is at the back of the vehicle while the fuel cell is 
behind the front seat. Officials stated the company's intent to have a "production 
ready" fuel cell vehicle by 2004. In March 1998, at the Geneva Motor Show, GM un-
veiled an Opel concept vehicle. GM is currently testing the feasibility of integrating a 
fuel processor, which would extract hydrogen from methanol, with t he fuel cell engine. 
General Motors Chairman Jack Smi th has pu t it bluntly: "No car' company will be 
1.6. Advantages of Fuel Cells 13 
able to thrive in the 21st century if it relies solely on internal combustion engines" 
Nissan: At the 1997 Tokyo Motor Show, Nissan unveiled a concept of a vehicle 
system that uses Ballard fuel cells in a hybrid configuration with lithium ion batteries. 
This system is fuelled with methanol and Nissan projects that such a system will im-
prove fuel economy and thus reduce CO2 emissions by 50%. The methanol is reformed 
to H2 and CO2 with the fuel cell consuming the H2• The Ballard fuel cell is hybridised 
with Nissan's own lithium ion batteries. The power is fed from both the fuel cell and 
the batteries to a motor controller and then to the electric motor. 
Jacoby [12] has written a report on the market analysis of fuel cells. PEMFCs 
are the focus of many fuel cell research programs because of their potential use in an 
enormous variety of applications. The growing number of real workd demonstrations 
and the small handful of commercially available products that some fuel cell projects 
would survive the long trip from demonstration phase to mass production. 
1.6 Advantages of Fuel Cells 
The advantages of fuel cells as power producers have captured the imagination of 
the layman as well as the technologist. Firstly, fuel cells provide better efficiency com-
pared to the Carnot cycle since chemical energy is converted directly into electricity 
without first being converted to heat. Thermal efficiencies as high as 90% are theoret-
ically possible. In addition, the efficiency of a cell is independent of the size of the cell. 
Secondly, cells can be connected in series or parallel to yield very high currents 
at very high voltages. Since such groups of cells need not be localised in one place, 
they allow flexibility in weight distribution and space utilisation. Thirdly, there are no 
moving parts to create bearing and sealing problems in a fuel cell, hence low manufac-
turing cost is possible and maintenance problems are kept to a minimum. 
In addition to providing direct current, one of the major advantages of fuel cells 
for mobile power is their high overload capacity. Fuel cell systems are able, in general, 
to stand brief overloads of 100% or more. Thus, the rating of a fuel cell can be much 
lower for a vehicle than that of an equivalent internal combustion engine, which must 
be designed for the peak demand. The only factor affected by brief overloading of a 
cell is efficiency. Fuel cells consume fuel and oxidant only when power is drawn from 
------------------------------------------------------------------------------------
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the system. Consequently, no fuel is consumed during idle periods. For this reason, it 
is obvious that active duty cycles must be considered to compare fuel cells effectively 
with other energy conversion devices, particularly with internal combustion engines. 
Last but not least, fuel cells operate silently and the end-products are usually 
water, carbon dioxide or nitrogen. Unused fuels and oxidants are often recirculated 
and electrolytes are totally enclosed or isolated from the exhaust systems. Since the 
PEMFC operates at low operating temperature, if the oxidant consists of nitrogen, the 
nitrogen will not be dissociated into the pollutant nitrate oxides. This means that fuel 
cells could dramatically reduce urban air pollution. Table 1.3 [13) shows a comparison 
of the water vapour and carbon monoxide emissions from fuel cells, running on a variety 
of fuels, as compared to an internal combustion engine. 
Engine type Water vapour/mile (lb.) 
Gasoline combustion 0.39 
Fuel cell running on hydrogen from' 0.32 
gasoline 
Fuel cell running on hydrogen from 0.25 
methane 
Fuel cell running on renewable hydro-
gen 
0.25 
Carbon dioxide/mile (lb.) 
0.85 
0.7 
0.15 
0.0 
Table 1.3: Comparison of emissions from different engine type [13) 
1. 7 Limitations of Fuel Cells ' 
In this project, focus is on the PEMFC, therefore, only the limitations of the 
PEMFC will be touched upon here. The PEMFC has recently become more attractive 
as an alternate source of power supply. Apart from its simple design and low tempera-
ture operation, the catalyst loading has decreased from as high as 10mg Pt/cm2 to less 
than O.5mg Pt/cm2 [14) [15] in recent years. Furthermore, improved membrane con-
ductivity, water permeability and thermal stability of PEMFCs have been developed 
[16]. One of the main problems that is being faced now is to operate the PEMFC at 
high power density and efficiency (high power density translates to fewer cells required 
per unit power and hence lower system cost). 
Currently, the achievement of high power density comes at the expense of low ef-
ficiency (since efficiency is proportional to the cell voltage) and vice versa. In order 
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to achieve both high power density and efficiency, it is necessary to have proper wa-
ter management of the cell. This is because cell voltage is highly dependent on the 
hydration state of the membrane. A well hydrated membrane will be highly conduc-
tive, resulting in lower cell resistance and hence higher cell voltage. If the membrane 
becomes dry, then it will lose its ionic conductivity and result in poor performance. 
Hence, it is important to have an idea of how the water behaves across the membrane, 
such as the electro-osmotic drag and back diffusion. In the attempt to have a better 
understanding of the transport of water across the membrane, there is a need to model 
the actual transport of reactant gases reaching the catalyst layer where electrochemical 
reaction takes place. 
Other limitations include the design and operation of gas electrodes [17], which in 
fuel cell terms, means almost exclusively the kinetics of electrode reaction in porous 
electrodes with an electrolyte on one side and a gas on the other with a three-phase 
contact between them. This creates a phenomenon known as mass transport limitation, 
where the reactants are unable to reach the catalyst layer for electrochemical reaction 
to take place efficiently. This provides a further need for simulating reactant transport 
processes in fuel cell operations. The oxygen electrode is also a limiting factor because 
of the slow electrode kinetics, resulting in higher resistance and lower performance. 
1.8 Objectives of Current Research 
A number of one and two-dimensional mathematical models on PEMFC have been 
suggested in recent years and a review of these will be presented in the following chap-
ter. Many of those models focus only on the cathode of the PEMFC. In order to have a 
clear understanding of the water transport across the membrane, it is necessary to have 
a model that couples the amount of water at the anode to the amount of water at the 
cathode. This implies the need to model a complete anode/cathode arrangement that 
is fully three-dimensional, since real fuel cell geometry is never one or two-dimensional 
in practice. The objective of this research is therefore to develop a computational 
model that can predict the performance of a complete PEMFC in three dimensions. 
This will involve the coupling of fluid flow in a porous/non-porous medium, modelling 
of fluid flow in a porous media and modelling of electrochemical reactions that take 
place at the electrode/membrane interfaces. For the electrochemical reaction, only 
the overpotential (resistance) at the cathode will be taken into consideration since the 
anode overpotential is insignificant comparatively. This is because of the faster elec-
1.9. Outline of Thesis 16 
trokinetics that occur at the anode. 
Attention will first be placed on the fluid dynamics of gases in both the porous 
electrodes and non-porous gas channels. Focus will be placed on the local variation 
of water concentration within the membrane in order to study the water management 
aspects of PEMFC. Thermal management of PEMFC will not be considered in this re-
search since temperature variation is believed to be very small [18J. However, thermal 
effects should be considered in future developments of the model since small variation 
of temperature may be significant in a fuel cell stack. The model will only consider 
water in the vapour form and hence only a single phase, mUlticomponent model will 
be simulated. This is because even at very high current density (>1.5A/cm2), there 
is only 5% of liquid water saturation present in the cell, making the effect of liquid 
water existence on the oxygen transport perhaps to be minimal [19J [20J. Multiphase 
modelling should be the focus of future work and some remarks on how to proceed on 
this are made towards the end of this thesis. 
The final model will be validated against data available from the literature, as 
well as experimental data that has been obtained in laboratory work at Loughborough 
University. From the model, both the fluid dynamics of gases and electrochemical 
reactions can be better understood. The final task will be to demonstrate the potential 
and capabilities of the model by using it to study changes in predicted performance 
arising from changes in some key fuel cell design parameters. A set of the objectives 
of this project may therefore be listed as: 
• conduct a literature search on recent mathematical models for PEMFC, 
• derivation of governing equations for porous media flow and validation, 
• model development for the cathode of PEMFC and validation, 
• development of a complete PEMFC model and validation, 
• parametric studies to be carried out based on the verified complete PEMFC 
model. 
1.9 Outline of Thesis 
This first chapter of the thesis has given a brief discussion on the various types 
of fuel cells available and their advantages and limitations. The history of fuel cells 
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and their current development were also touched upon. This will be followed in the 
next chapter with the presentation of background materials on the important aspects 
of individual components of the PEMFC. Topics such as electrokinetics, porous media 
modelling and water management will be covered. In addition, a summary of past 
work on the modelling of both the cathode and the complete PEMFC will be pre-
sented. Chapter 3 will cover the derivation of the governing equations required for 
modelling flow in porous media. A study will also be conducted whereby an analytical 
solution will be compared to the simulated solution for the flow of fluid in adjacent 
porous/non-porous media. 
A complete set of governing equations relevant to fuel cell modelling will then 
be presented in chapter 4. These include the Navier-Stokes equations, the species 
transport equations and the auxiliary empirical equations necessary to determine the 
local variation of variables required for the simulation. Modelling of the cathode of 
a PEMFC will then follow in chapter 5 and the results obtained will be validated 
against data obtained from the open literature. Some parametric studies will also be 
conducted based on the validated cathode model. Chapter 6 will cover the modelling 
of the complete PEMFC, including both anode and cathode. This will give a greater 
insight into the transport of water across the membrane. More parametric studies 
are then reported for the complete PEMFC in chapter 7 to illustrate how the model 
developed in the current research could be used to provide analysis/information on 
fuel cell performance. Finally, chapter 8 will outline the achievements and conclusions 
that this research has produced and suggestions for further work will be given. 
Chapter 2 
The Polymer Electrolyte 
Membrane Fuel Cell 
2.1 Properties of the Polymer Electrolyte Membrane 
In order for a fuel cell to function using a polymer electrolyte membrane, the 
membrane must have certain properties for efficient operation. The principal properties 
of interest for the application of polymer electrolyte membranes in fuel cells are [21J:-
1. high ionic conductivity to reduce internal resistances, 
2. high diffusion coefficient for water in directions perpendicular and parallel to the 
membrane surface to prevent localised drying, 
3. low permeability to hydrogen and oxygen to prevent reactant cross-over in the 
membrane in order to achieve high current efficiency, 
4. reversible membrane hydration/dehydration and resistance to swelling. Plastic 
deformation would produce localised stresses and yield changes in membrane 
properties. 
In many cases, a compromise between these properties will be required because 
of incompatibility or because specific properties may be emphasised according to the 
application requirements. Topics which are relevant to this project are discussed below. 
2.1.1 Gas Permeability 
The permeability of gases aCross polymer electrolyte membranes is a very important 
factor if the membrane is to be used in fuel cell applications. High permeability rates 
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are not allowed for hydrogen and oxygen/air fuel cell applications if fuel efficiency is 
important, since gas cross-over will then take place. This will lead to a wastage of 
fuel/oxidant and hence lower energy conversion efficiency. However, the membrane 
should allow water, be it in the gas phase or the liquid phase, to pass through. This 
will prevent, or reduce the possibility of local dehydration, which will lead to lowered 
membrane conductivity in the fuel cell. 
2.1.2 Conductivity of a Polymer Electrolyte Membrane 
As mentioned above, the performance of fuel cells is highly dependent on the con-
ductivity of the polymer electrolyte membrane. The work reported by Hodgdon and 
LaConti [22J has shown that the conductance of polymer electrolyte membranes de-
pends upon many variables, but the most important of these is the ability of the 
membrane to absorb water. Low water content in the membrane will result in high cell 
resistance, leading to large internal heat generation by the Joule effect. However, high 
water content will cause excessive membrane swelling, resulting in electrode drowning. 
Experiments can be performed to determine the conductivity of a membrane. One 
such work was carried out by Anantaraman (23) to examine the conductance of mem-
brane type N afion 117 under different degrees of humidification. The verified work 
showed that membrane conductivity increases in a non linear manner with regard to 
increasing water content. 
2.1.3 Water Transport in a Polymer Electrolyte Membrane 
There are two main property gradients that drive the movement of water in an 
operating polymer electrolyte membrane fuel cell. They include the electrical potential 
gradient (more commonly known as electro-osmotic drag) and water concentration 
gradient (also known as back diffusion). Electro-osmotic drag occurs when there is 
a flow of protons across the membrane from the anode to the cathode, producing 
current. In the process, any water molecules on the anode side may be dragged by the 
protons from the anode side to the cathode side. The water concentration gradient 
is dependent on the amount of water present between the anode and cathode side. 
The electra-osmotic drag has been well covered in the literature,' but not much work 
has been reported concerning transport arising from the water concentration gradient 
mentioned. A brief discussion of these are given below: 
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Electrical Potential Gradient 
Water management is critical for optimal cell performance in hydrogen/air PEM-
Fes. To realise high membrane protonic conductivity, a high degree of membrane 
hydration is required. Water deficiency in the membrane near the PEMFC anode, 
caused by protonic drag, could bring about a significant increase in PEMFC resistance 
with cell current density. 
Determination of the electro-osmotic drag coefficient in the pro tonic membranes 
used in PEMFCs is therefore receiving significant attention. The electro-osmotic co-
efficient refers to the number of water molecules dragged by each proton across the 
membrane. Many experiments have been carried out to determine the electro-osmotic 
drag coefficient for different Nafion membranes at various operating temperatures [24] 
- [37], with values ranging from 1 to 5 H20/H+. It was found that the drag coef-
ficient in protonic membranes equilibrated with water vapour is significantly smaller 
than in the same membranes equilibrated with liquid water, reflecting lower water 
mobility caused by stronger water-ion interactions and narrower nanopores in vapour-
equilibrated membranes. Lowering the drag when current is flowing will improve the 
hydration state of the membrane by lowering the possibility of dehydration on the 
anode side. 
No documentation on the electro-osmotic drag coefficient of the membrane, GORE 
SELECT PRIMEA, which is used in the experimental work [38] in Loughborough 
University to be used later in this thesis, has been found. Hence, the electro-osmotic 
drag coefficient will be calculated based on empirical equations obtained from the 
Nafion membrane. These empirical equations, which are highly dependent on the local 
amount of water present on the anode and cathode sides, are obtained from the work 
of Springer [39]. This will be further elaborated in chapter 4. 
Water Concentration Gradient 
When current flows in fuel cells, the overall presence of water in the cell arises from 
the introduction of water at the anode and cathode inlets via hydrated fuel and oxidant 
supplies, and from the production of water on the cathode side due to electrochemical 
reaction. The overall balance of water being dragged by protons to the cathode side 
across the membrane and water created at the cathode due to electrochemistry causes 
a water concentration gradient to exist between the anode and cathode sides of the 
membrane. This will cause a back transport due to diffusion of water across the mem-
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brane from the cathode to anode sides if the concentration of water at the cathode is 
higher, and vice-versa. This process aids in reducing flooding of the cathode if excess 
water is ever present, and reduces the chance of the anode being dehydrated. 
The net transport of water across the membrane is dependent on the above two 
gradients. It has been found that the electra-osmotic drag coefficient increases with 
increasing current density [36J, resulting in a larger net transport of water from the 
anode to the cathode. This is because electra-osmotic drag is a process driven by 
the movement of protons, while water diffusion is a process driven by a concentration 
difference. Therefore, the former overwhelms the latter even if both electro-osmotic 
drag and water diffusion are considerable at high current densities. 
2.2 Electrode Processes 
The electrodes used in fuel cells are made of carbon paper or cloth, with a thin 
layer of platinum (Pt) as electrocatalyst. Polytetrafluoroethylene (PTFE) is also ap-
plied to the electrode to make it hydrophobic to liquid water to prevent flooding of the 
electrodes. The amount of Pt and PTFE applied to the electrodes plays a significant 
role in the performance of the overall fuel cell. These aspects are discussed briefly 
below: 
• Effect of amount of catalyst applied: The catalyst serves to trigger the elec-
trochemical reaction and to provide a conducting path for the contact with the 
current collector used to deliver the current to the terminals of the cell. Lower-
ing the amount of catalyst would, therefore, be expected to affect performance 
adversely by reducing the number of electrochemically active sites, and by in-
creasing the electronic resistance of the layer. Experiments have shown that the 
total current density increases with higher Pt loading, but not in a linear manner 
[40J [41J. It is the target of researchers to reduce the Pt loading and yet still yield 
high current density. This is because Pt is expensive and it is a limited resource. 
One method to obtain high current density is to have a better localisation of Pt 
near the surface of the electrodes in contact with the membrane. This is because 
electrochemical reaction is found to take place only in a thin layer of the catalyst 
layer in contact with the electrode [42J [43J [44J . 
• Effect of PTFE on electrodes: In fuel cells, the structure of the electrodes 
and electrolyte membrane form complex porous systems. Their stability and 
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properties depend on the water content present in the fuel cell. The electrolyte 
membrane is an integral part of the entire cell and changes in morphology can be 
expected under cyclic wetting/drying conditions. The presence of PTFE plays a 
very important role in controlling the amount of water in the electrodes. Much 
work has been carried out to study the influence of PTFE on the electrodes [45] 
[46] [47] [48] [49] [50] [51]. It has been found that at high current density, as a 
consequence of total porosity increase, the mass transport rate, as well as the 
performance, increases by decreasing the PTFE loading. Thus, the best global 
performance is obtained at the lowest PTFE loading. However, it is not possible 
to reduce to zero the PTFE content and still avoid electrode flooding due to the 
resulting lack of hydrophobicity. Furthermore, a minimum quantity of PTFE in 
the electrodes is necessary to bond together the carbon particles. 
2.2.1 Mass Transfer and Electron-Exchange Processes at the Elec-
trode 
When the charges in an electrode and the ions in the membrane are in equilibrium 
(the rate of oxidation equals the rate ofreduction), there is no current flow. However, 
if a potential more oxidizing or reducing than the equilibrium value is imposed upon 
an electrode, a net current can be made to flow. There are three processes that lead 
to the transport of electrons and ions: 
1. Migration 
Migration refers to the movement of electrons and ions under the influence of an 
applied potential between the electrode and the membrane. More specifically, 
in the present work, migration refers to the movement of the hydrogen protons 
from the anode to the cathode across the membrane (rate of diffusion/rate of 
reaction",,100). 
2. Diffusion 
When electrochemical reaction takes place, the concentration of oxidant (air / 
oxygen) or fuel (hydrogen) at the electrode surface will deplete, resulting in a 
concentration gradient across and along the electrode. This gives rise to the dif-
fusive transport of species from a higher concentration to a lower concentration. 
Unlike migration, which only occurs for charged particles, diffusion occurs for 
both charged and uncharged species (rate of convection/rate of diffusion",,10-2). 
3. Convection 
The effect of convection only has significant influence in the flow direction. In 
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fuel cell applications, due to the low permeability of electrodes, convection of 
gaseous species is considered insignificant compared to diffusion (Pe::::1O-2). 
In order to sustain a current for a given potential, it is necessary for the supply 
of reacting species at the electrode surface to be sustained, and the movement of ions 
through the membrane effectively constitutes the electrolytic current which comple-
ments the electric current flowing in the external circuit. Such movement cannot be 
increased indefinitely and a point must be reached where species react at the electrode 
as fast as they reach it. The amount of current obtained under such a circumstance is 
known as the limiting current. 
2.2.2 Chemical Kinetics of Electrode Processes: The Butler-Volmer 
Equation 
During the occurance of electrochemical reaction at the anode electrode and cath-
ode electrode of a fuel cell, both a reduction and an oxidation reaction take place at 
each electrode. A net current will then be produced between the anode and cathode 
electrodes. In the following discussion, only the reaction at the cathode is considered, 
for simplicity. Hence, the overpotential used is that on the cathode side (e.g. cathode 
overpotential). Similar expressions for the anode can be obtained simply by replacing 
the cathode overpotential to the anode overpotential. The equation used to describe 
the reduction and oxidation reactions at the cathode electrode is given below [52J-[55J: 
Considering the following reaction, 
Red"" Ox + e- (2.1) 
which describes both the reduction and the oxidation processeses for a reaction. The 
rate of a reaction is the rate constant mUltiplied by the concentration of reactants 
raised to the orders of reaction, which is usually first order [54J. Hence, the rates 
of the reduction and oxidation processes may be expressed in terms of an Arrhenius 
equation as, 
where the subscripts "Rer!' and "Ox" refers to the reduction and oxidation processes 
respectively, !CRed and !Cox are the corresponding rate constants, [CRedJ and [coxJ are 
the concentration of the reactant molecule and ions, and !,;G Red and !,;Gox are the 
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activation energy change for the reduction and oxidation reaction respectively. At 
equilibrium, VRed = VOx, so that 
Therefore, 
exp[-6Gox /RTj KRed[CRed] 
= 
exp[ 6GR,d/RT] KOx[cQx] 
so that, in terms of 6G = 6GRed - 6Gox = -nF61>, where F is Faraday's constant 
and 61> refers to the change in potential, 
[~~] _ KRed[CRed] _ [-nF64>/RT] 
exp -.- [ ] - exp 
I'-OX COx 
Hence, 
_ nF 61> = In KRed + In [CRed] 
RT Kox [cox] 
61/0 = _ RT In(KRed ) _ RT In [eRed] 
nF Kox nF [cox] 
which may be written as, 
61/0 = 61/oe + RT1n [cox] 
nF [CRed] 
where 6<f;e is the standard electrode potential. In terms of the more commonly used 
symbol for electrode potential, the above equation becomes, 
E = Ee + RT In [cox] 
nF [CRed] (2.2) 
Equation 2.2 is known as the Nernst equation, where E is the electrode potential while 
Ee is the standard electrode potential, at a pressure of 1 bar and a temperature of 
25°C. 
In irreversible systems, no perceptible reaction occurs at equilibrium. Current is 
generated only by the application of extra potential, the overpotential, 'l/. Thus, for 
this case, the magnitude of 6G Red and 6Gox become 
and 
6Gox = (6Gox)9 - (1 - a)nF'l/ 
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It can be seen that the overpotential, rJ serves two functions: part of it (a fraction a) 
assists the reduction process while the remaining retards the oxidation process. a is 
known as the transfer coefficient and it ranges between 0 and 1. 
In terms of the new activation energies (represented by a superscript "n"), the 
rates of the reduction and oxidation processes now become, 
[ {.6.GRed)6-anFrt] VRedn = KRedcRed]exp - RT 
[ (AGQ,)e+(l-a)nF,,] vox n = Kox[cox]exp RT 
Since for this case, the condition of equal rates is not realised, a net reduction or 
oxidation reaction occurs for which the corresponding net current may be calculated. 
Respective rates may be expressed in terms of reduction and oxidation current densities 
as follows (Faraday's law of electrolysis), 
n lRed 
VRed = nF 
n Iox 
VOx =-
nF 
Therefore, 
[(AGR,d)e] [_ anF,,] 
IRed = nFJCRed[CRed]exp RT exp RT 
[ (AGo,)e] [(I-a)nF,,] Iox = nFKox[cox]exp - RT exp RT 
The form of equations 2.3 and 2.4 may be simplified to 
IRed = Ioexp[- a;;f"] 
[ (I-a)nF,,] Iox = Ioexp RT 
(2.3) 
(2.4) 
(2.5) 
(2.6) 
where 10 is the exchange current density. A net cathodic current density (for the 
cathode electrode), I = lRed • lax is given by 
[ -anF,,] [(1 a)nF,,] 1= Io{exp RT - exp RT } 
The above equation is known as the Butler-Volmer equation. This expression 
strictly holds in the above form for processes involving a single electron. This is 
because it is thought that only one electron can be transferred at a time [54]. Any 
reactions that involve multiple electron transfers (there are 4 electrons transferred in a 
PEMFC), therefore, should be expressed as a number of one-electron reactions. Under 
such a circumstance, it is more rigorous to replace a by aRed and to replace (I-a) by 
aox since aRed + aox f= 1 except for n = 1 (54], thus, 
(2.7) 
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2.2.3 The Tarel Equation 
In fuel cell modelling, it is common practice to neglect the overpotential at the 
anode electrode since it is an order of magnitude smaller than that of the overpotential 
at the cathode electrode. Furthermore, when considering the overpotential at the 
cathode electrode, the second term on the right hand side of equation 2.7 is insignificant 
compared to the first term. Hence, the net current density produced by the cell can 
be obtained via the following reduced Butler-Volmer equation, where the subscript "c" 
now refers to the reduction process at the cathode, 
[-a,nF") I = Ioexp RT (2.8) 
Based on the reduced ButJer-Volmer equation (equation 2.8), the dependence of 
cathodic current density on overpotential is given by 
I I = I 1 _ acnFrJ n no RT (2.9) 
Converting to the more commonly used logarithm form for the Tafel equation, for a 
large overpotential to the cathodic reaction, rJ can be expressed by 
_ 2.3RTI I _ 2.3RTI I rJc- Fogo Fog 
acn acn 
(2.10) 
Conversely, for a large overpotential to the anodic reaction, only the second term of 
equation 2.7 is of significance, and 
2.3RTI 1 2.3RTI I rJa=--F og o+-F og 
aan aan 
(2.11) 
Equations 2.10 and 2.11 are also known as the Tafel equation, which is normally ex-
pressed in the form, 
rJ = d + elogI (2.12) 
An experimental plot of the Tafel equation will enable the value of anodic and cathodic 
transfer coefficients, aa and ac (between 0 and 1) to be determined, based on the 
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gradient term, e, while the intersection with the axis gives the value of the exchange 
current density, 10 (between 10-7 A/m2 and 10-1 A/m2 ) [54]. These values can then 
be used in equation 2.7 to determine the current density. 
2.3 Flow Phenomena in Porous Media 
In modelling of fuel cells, the electrodes are considered to be a medium porous to 
the flow of reactants. In this section, a selection of important parameters describing 
flow in porous media appropriate to fuel cells will be discussed: 
2.3.1 Permeability of Porous Media 
Permeability is the term used for the property of the porous medium with respect 
to extra resistance to flow through the medium by a Newtonian fluid. In general, the 
term permeability for a given porous sample may vary with the properties of both the 
permeating fluid and the mechanism of permeation. It is more useful to separate out 
the parameter which measures the contribution of the porous medium only, and for 
this to be expressed independently of both fluid properties and flow mechanisms. This 
is then usually termed the specific permeability but in this study, permeability is used 
throughout instead, for brevity. The permeability value of any porous media such as 
electrode can be obtained experimentally. A method for doing so empirically is shown 
in the appendix, under section AA. 
2.3.2 Flow through Porous Media, Darcy's Law 
Barrer [56] has shown that by conveniently defining the diffusion coefficient and the 
permeability coefficient, Fick's law and Darcy's law can be made similar and either can 
be used for the description of transport of gases and vapours through porous media. 
Darcy's law will be derived in detail in the following chapter (3.1.4) but is simply 
stated here as, 
i"u \1p= --
K 
(2.13) 
where p is the pressure, i" is the fiuid viscosity, u is the velocity vector and K is the 
permeability. Darcy's law is valid for incompressible and isothermal creeping flow of 
a Newtonian fluid through a relatively long, uniform and isotropic porous medium. 
More on the derivation of Darcy's law, both experimentally and theoretically can be 
found in [57]-[62]. 
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2.3.3 Effect of Porosity on Fluid Properties 
In order to obtain the most accurate forms for modelling of flow in fuel cells, the 
porosity and tortuosity of the porous media have to be taken into account. Porosity 
refers to the ratio of the actual void volume in the porous media for fluid to flow 
through over the entire volume, while tortuosity is the relative average length of a 
flow path to the length of the medium. Capillary porous and sorption properties of 
a polymer electrolyte membrane swollen in water are of significant importance, es-
pecially for their influence on electrical properties under conditions of variable water 
content. The porous structure of these membranes have been studied using electron 
microscopy [63] [64], atomic force microscopy [65], small-angle X-ray scattering [63] 
[64], mercury porosity [66], hydraulic permeability [67] and other methods [68] [69]. 
A new thermodynamic method of standard porosity has been developed at the A. N. 
Frumkin Institute of Electrochemistry [70] [71]. 
From the work of Meredith and Tobias [72], it has been found that the properties of 
the fluid are different when flowing in different medias. This is because flow in porous 
media creates more resistance compared to flow in a non-porous media. Hence, a 
Bruggeman-type relation, based on the effective medium theory [73], has been formed 
to relate the properties of fluid in a non-porous medium to that in a porous medium. 
Such a relationship is given as: 
(2.14) 
where ..p is any fluid property in a non-porous medium and € is the material porosity. 
The superscript "p" refers to property in the porous medium. 
2.3.4 Boundary Conditions for Gas Flow in Porous Media 
The flow of gases through porous media is often treated together with pore dif-
fusion. This field has been reviewed, among others, in the books of Satterfield [74], 
Peterson [75] and Geankoplis [76]. In fuel cells, gases have to flow through the gas 
electrodes to reach the catalyst layers where electrochemical reaction takes place. It is 
assumed that the membrane electrolyte is impermeable to the unreacted gases. 
Contrary to laminar flow theory (on which Darcy's law is based) where zero fluid 
velocity is assumed at the solid wall, for flow in porous media, there is no intimate 
contact of the fluid molecules with the solid wall and the velocity at the solid-fluid 
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interface has a finite value, not necessarily zero. Thus, whenever the mean free path 
of the gas molecules approaches the dimensions of the flow conduit, the individual gas 
molecules are in motion at this interface and contribute an additional flux. Further-
more, a plug flow profile is obtained when measuring the velocity profile of fluid flow 
in porous media. Hence, a "slip" boundary occurs [58J [59J. 
2.4 Performance of a PEMFC 
Major attention has been devoted in the literature to the analysis of the per-
formance of a PEMFC with hydrogen as fuel. Cownden [77J presented a work on the 
development and application of a performance model for a solid polymer fuel cell power 
system for transportation applications. Largest improvements in system performance 
could be obtained by a reduction of the cooling loads, improving efficiency of the inlet 
air compressor, and recovery of the thermomechanical energy in the stored compressed 
hydrogen. The effect of operating conditions on the performance of the PEMFC will 
be discussed in what follows: 
2.4.1 Thermodynamics of the PEMFC 
The maximum electrical work obtainable in a fuel cell operating at constant tem-
perature and pressure is given by the change in Gibbs free energy (69) of the electrical 
reaction 
69 = -nFe 
where 
n = number of electrons transferred in the reaction, 
F = Faraday's constant (96487C/mol), 
(2.15) 
e = reversible cell potential (maximum attainable potential at constant temperature 
and pressure) 
The chemical reaction, 2H2 + 02--+2H20, which can be broken down into 
shows that a four electron reaction takes place in a PEMFC as mentioned in section 
2.2.2. The reversible potential at standard conditions (T=25°C, p=lbar) is 1.229V 
since the Gibbs free energy is -474.4 kJ/mol [54J and the number of electrons trans-
ferred is 4. 
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Increasing the temperature tends to cause the reversible cell potential to decrease 
while increasing the pressure results in the opposite effect. This can be seen in the 
following expressions: 
£ = £8 + (;;) (T - 298) = £8 + (~;) (T - 298) (2.16) 
£ = £8 _ (6:;T) lnp (2.17) 
where 
6n = change in number of gas molecules during the reaction, 
68 = change in entropy during the reaction. 
2.4.2 Polarisation Characteristics 
When no current is drawn from a fuel cell, the cell potential is known as the open 
circuit potential. This potential is usually lower than the reversible potential due to 
impurities and corrosion in practical fuel cells (see Figure 2.1). When current is drawn 
from the cell, there will be a drop in the cell potential due to irreversible losses. These 
losses are usually named polarisation, overpotential or overvoltage losses. Sources of 
polarisation include slow electrode kinetics, rate-determining adsorption and diffusion 
and ohmic resistances of the electrolyte, electrodes and leads. In addition, contact 
resistances associated with particular structures may be important. Figure 2.1 shows 
the occurance of the various overpotentials in a typical polarisation curve [38] . 
• Activation polarisation: At low current densities (1-100mA/cm2 ), overpoten-
tial losses are mostly caused by activation polarisation. Activation polarisation 
occurs when the rate of an electrochemical reaction at an electrode surface is 
associated with sluggish electrode kinetics. This may be due to the electrode 
material, ion-ion interactions and ion-solvent interactions. Improvements can be 
made to reduce the effect of activation polarisation. This can be done by in-
creasing the temperature of the cell, increasing the electrochemical activity of 
the electrode with suitable catalysts and by increasing the active surface area of 
the electrodes. Assuming that the anode overpotential is small compared to that 
of the cathode, which is normal in a fuel cell operation, activation polarisation 
can be described by the general form of the Tafel equation (equation 2.9): 
RT I 
"'act = -Fln-I 
acn 0 
(2.18) 
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F igUJ'c 2.1: Polarisat ion curve showing thc various overpotcnt iaJs [38] 
• Ohmic polarisation: At intermediate current densities (100-1000 mA/cm2 ) , 
ovcrpotent ial losses arc caused by ohmic polarisat ion. Resistance to the fl ow 
of ions in the electrolyte membrane, and to the flow of electrons through tbe 
clectrode mat.erials causes ohmic losses . Charge transfer resist.a.llce '1t both the 
anode and cathode electrode, together witb resistance contr ibu t ions from any 
other components in a fuel cell, such as current collectors, all cont ribute to otunic 
pola risat ion. Decreasing the electrode separat ion (membrane t hickness) and im-
prov i.ng the ion.ic conductivity of the mcmbranc can .reducc the amount of olunk 
losses. Olunic losses can be expressed ill terms of Olun 's law, 
Tlohm = iR 
where 
i = ClUTent flowing through the cell , 
n = total cell resistance 
(2.19) 
MelJnola [78] has used the method of current in terruption to determine the ohmic 
voltage loss in a [uel cell. 
• Concent ration (mass transport) p olarisation: At high current densities 
(> 1000 mA/cm2 ) , concentration polarisation dominates the polarisat ion losses. 
Concentration polarisat ion is caused by slow diffusion of the gas phase through 
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the porous electrodes, solution/d issolution of the reactants/products int% ut of 
the elect rolyte membrane, or diffusion of reactants/products through the elec-
trolyte to/from the electrochemical reaction site. Such losses can be determined 
by: 
RT ( i) 1)eo"e = nF In 1 - iL (2.20) 
where 
iL = limiting current. 
Perry [79] investigated the effects of mass transport limitat ions on the polarisation 
characteristics of a react ion obey ing Tafel kinetics . It was found that two distinct 
double Tafel slopes may arise from two limiting cases: control by kinetics and dissolved 
oxygen mass transport vs. control by kinetics and ionic mass transport. Bevers [80] 
showed that it is important to incorporate the experimental verified effect of changing 
Tafel slope to achieve satisfactory fit of mathematical models. 
2.4.3 Effect of Operating Temperature 
The voltage-temperature relationsh ip under current drain is influenced by several 
factors : the reversible voltage-temperature effect , the change in membrane conduc-
tance with temperature, the change in catalyst layer and contact conductance with 
temperature and the change in electrode reaction rate with temperat ure. Probably 
the controlling factor at the oxygen electrode is the change in electrode reaction rate 
with temperature. 
At high current, it has been observed with cells running at room temperature that 
a portion of the heat generated at the electrode results in much of the product water 
condensing on the cell casing, rather than gathering on, or dripping fro m the electrode 
[81]. As a result, water accumulates on the electrode, setting up a diffusion barrier 
for the oxygen, leading to poor performance. Increasing the temperature of the cell 
is believed to improve performance since the catalytic activity will be enhanced [82]. 
Too high a temperature may be detrimental due to the drying up of the membrane. 
At lower current , the temperature effect is quite small. As the maximum power 
region of the polarisation curve is approached, the power output of the cell is much 
more temperature dependent. At very high current densities , the power output is again 
less sensitive to ambient temperature. 
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2.4.4 Operation with Air as the Oxidant 
For the case using air as the oxidant , the cell housings have to be suitably modified 
to permit an adequate influx of air without allowing excessive evaporation of water 
and dehydration of the membrane to occur. Polarisation curves obtained in this way 
resemble those for operation on oxygen. Otherwise, operation with air rather than 
oxygen wi ll result in poorer performance due to the lower partial pressW'e of oxygen 
present . 
2.4 .5 Effect of M embrane Surface Contamination 
Impurities (NaCI), even on the membrane smface, exert a serious effect on water 
management . However, this effect will be lessened to a certain extent if humidifica-
tion is brought into effect. Much work has been carried out by Okada [83] [84] [85] 
to study the effect of surface contaminat ion of the PEMFC membrane on water man-
agement . It was found that the contamination affects membrane performance such as 
water content , net water flux and the membrane resistance, when more than 5% of 
the total ion exchange site is occupied by contaminant ions. In addition, it is noted 
that the membrane resistance increases by impmity ions in a non- linear fashion with 
current density or membrane thickness . Pozio [86] has shown that iron contamination 
of membrane electrode assemblies can lead to polymer degradation. Hence, stainless 
steel is unsuitable as material for end plates in PEMFCs. 
2.5 Mathematical Modelling of a PEMFC 
For the aim of optimising the performance of PEMFC, much research has been 
carried out by investigators in the past to develop appropriate models. The following 
sections give a brief discussion of this background work to place the research carr ied 
out in this thesis in proper context. 
2.5 .1 Different Approaches to Model the Catalyst Layer 
The transport processes in a PEMFC include mass transfer of chemical species 
through the porous electrodes and solid electrolyte phase, electron and proton transfer 
through carbon electrodes and membrane respectively, liquid water transport and heat 
transfer. Among these transport processes, the transport in the cathodic catalyst layer 
is seen as the rate limi ting process . T his is because the rate of electrokinet ics at the 
cathode is roughly five orders of magnitude slower than that at the anode [87], due 
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to sluggish electrokinetics at the cathode. This results in high over potential at the 
cathode. Other explanations for the high overpotential is partly due to the low oper-
ating temperature in a PEMFC for t he cathode react ion and partly due to the slower 
diffusion mechanism of the oxygen molecules, since oxygen has a bigger molecular size 
compared to hydrogen molecules. 
Current catalyst layer models can be classified into two groups: macroscopic mod-
els, which consider the catalyst layer as a whole, and microscopic models, which con-
sider transport phenomena at the pore level. Although microscopic models can provide 
insight into the detailed transfer mechanisms at the pore level, applicat ions of these 
models to the entire catalyst layer is not practicaL T h.is approach would require ev-
ery individual pore detail to be computed, leading to extremely high computation 
requirements. Macroscopic models are therefore much more commonly used to treat 
the catalyst layer as a continuum, and can be classified into three major groups by 
the way the governing equations and the lumped parameters in the model are derived , 
namely, homogeneous, fi I m and agglomerate. 
In the homogeneous model, it is assumed that the catalyst layer, being very thin, 
is made up of a uniform, pore-free blend of proton-conducting polymer and supported 
catalyst . A review of such models is given by Newman and Tiedemann [88J. Recent 
applicat ions of this approach to fuel cells can be found in the work of Bernardi and 
Verbrugge [89J [90], Bevel'S [80], Sundmacher and Hoffmann [91], Wang [40], Antoine 
[92], Verbrugge [93], Chan [94], Helfferich [95J and Eikerling [96J. T he suitability of the 
homogeneous model for describing the catalyst layer has been criticised [97J [98J [99J 
since it considers the catalyst phase to be evenly distributed and intimately mixed with 
the electrolyte membrane material. As a result, the performance of the fuel cell can 
only take into account the transport limitations at the scale of the whole catalyst layer . 
Studies have shown that diffusion effects occur at the particle level, so decreasing per-
formance [100J [101J. Hence, the homogeneous model has a tendency to over-estimate 
the current densi ty. 
In the film model [102]' gas pores are assumed to ex ist wi thin the electrode, while 
the catalyst particles are covered by a thin film of polymer electrolyte. Since the film 
model takes into consideration the efIect of gas pores, it should not under-es timate the 
transfer limitation of gases by diffusion , as in the case for the homogeneous modeL 
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Finally, in the agglomerate model [79J [94J [98J-[109]' the catalyst layer is regarded 
as a region where smaller homogeneous-resembling domains (agglomerates of catalyst 
surrounded by a thin layer of electrolyte) are surrounded by gas pores . This is a more 
realistic model for the actual distribution of catalyst and gas pores in a fuel cell . The 
mathematical model used to describe the agglomerate catalyst layer is given in the 
appendix under section A. 5. 
At the present moment , there is no ev idence to show any significant difference in 
model predictions by using the above described approaches when only the cathode 
overpotent ial is considered. Hence, it is best at first to chose the simplest approach to 
model the catalyst layer. The homogeneous model will be used in this thesis, due to 
its simplicity. 
2.5.2 Modelling the Cathode of a PEMFC 
It has been demonstrated that the main mass transport limitations in a PEMFC 
occur within the elect rode layers [110J and that the kinetics of the oxygen reduct ion 
at the cathode is at least fi ve orders of magnitude slower than hydrogen oxidation [87J 
at the anode. Hence, some works have focussed only on the modelling of the cathode 
of a PEMFC. 
Kazim [111J developed a fini te difference, single component , single phase, two-
dimensional model of a cathode that compared the performance of a conventional fl ow 
field design of the cathode to that of an interdigitated one. In a conventional flow 
design, reactants fl ow in and out of opposite ends of the same channel. In an inter-
digitated flow design , reactants fl ow in at the inlet end of a channel, bu t do not fl ow 
out from the opposite end of the same channel, which is blocked off. Instead, they 
are forced to fl ow through the porous electrode and out of an adjacent chan nel. The 
use of an interdigitated channel design is to overcome the mass transport limitat ions 
in porous electrodes that occur when too much water accumulates, especially at high 
current density. It does so by introducing a forced convect ion mode of transport to the 
reactants/product in the electrodes. It was found that the limi ting current density of 
a fuel cell using an interdigitated flow design was about three times that of a conven-
tional flow design and that it also doubled the maximum current density. 
Yi [112J developed a finite volume, multi-component , single phase, two-dimensional 
model of a cathode using an interdigitated fl ow channel. In this work, extra boundary 
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conditions taking into account the flux of oxygen and water at the interface between the 
electrode and membrane were taken into consideration. The work described the flow 
patterns and distributions of the gaseous species in the porous electrode and membrane 
interface as a funct ion of various operating conditions. Again , the use of interdigitated 
flow channels produced better results compared to conventional flow channels. How-
ever, there was no verificat ion of the results obtained. Other works using interdigitated 
flow channels have been carried out by Washington [113J and Wood [1I4J. 
Bernardi [89J developed a mathematical framework to describe a cathode diffusion 
electrode bonded to a solid polymer electrolyte, which served as a stepping stone to 
the development of a complete fuel cell model. A major difference between this work 
and the rest is that it treated the catalyst layer as a separate region and not simply 
as a boundary between the membrane and the electrode. However, ohmic potential 
losses of electrodes and anode activat ion potential were not addressed. The drag and 
diffusion coeffi cients used were independent of water content and were taken to be 
constant , independent of the current density. This is true only if the current density 
obtained is low. 
The work of Yi [112J has been selected as a validation test case for the mathematical 
model to be described below. This wi ll be presented in chapter 5. However, the 
usefu lness of a cathode only model is li mited since it does not couple the concentrat ion 
of water on the anode side to the cathode side. This means that the net transport 
of water across the membrane is an assumed and constant value, independent of the 
actual local concentration of water. In order to have a better understanding of the 
actual phenomena taking place in a fne l cell, a complete model that includes both 
anode and cathode must be carried out. Previous work in this area is reviewed in the 
next section. 
2 .5.3 Mod elling t h e Complete P EMFC 
It is known that water content plays a very important role in determining the per-
fonnance of fuel cells . In order to understand the transport phenomena tbat occur, 
careful modelling of the entire fue l cell has to be attempted. A lot of work has been 
done on complete PEMFC modelling in the past bu t only more recent cases relevant 
to this thesis are covered here. 
One-dimensional models of the complete PEMFC have been developed by Bernardi 
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[90J [115J and Springer [ll6J. In the work of Bernardi [ll5], the membrane was assumed 
to be fnlly hydrated. This is only applicable for the situation when the membrane is 
very thin. Only water vapour was assumed to be produced in the model and hence 
the electrodes were free of water droplets. Bernardi [90J fur ther developed the above 
model [89J to determine the amount of water required and how and where it should 
be added to maintain a full y saturated membrane. The disadvantage of the model is 
that it does not account for the concentration overpotent ial region of the polarisation 
curve. Complete fi ts of cell characteristics are vital to ensure model reliability. 
Springer [ll6J developed an empirical model based on a Nafion ll7 membrane. 
This was in contrast to Bernardi 's [ll5J work where it was assumed the membrane was 
fully hydrated. Springer's model employed empirical equations for t he diffusion coeffi-
cient, electro-osmot ic drag coefficient , water concent rat ion and membrane conductivity 
based on the local membrane water content deri ved from experiments carried out on 
the Nafi on ll7 membrane [39J.The model was designed for water in the vapour state in 
the electrodes but it could accommodate some excess liquid water assumed to be very 
finely dispersed. This lack of distinction between gaseous and liquid water causes the 
inability of the influence of hydrophobic agents on water transport to be inves tigated. 
It was found that the membrane resistance increased wi th an increase in current den-
sity. Reducing the thickness of the membrane would therefore help in lowering the 
membrane resistance. 
Springer [97J fur ther developed another model that used an empirical expression 
for the electrochemical reactions. Anode parameters were not included, bu t this can 
be accepted for well-humidified cells with pme hydrogen feed. The difference between 
this and the works of Bernardi [89J [90J was that the complete polarisation curve was 
used, rather than just a part of it. The work also included the use of effective diag-
nostics, such as to reproduce behaviour indicative of partial flooding of the fuel cell 
by assigning diminished porosity to the porous electrodes and to use a wide range of 
cathode feed stream composition to ohtain a family of polarisation curves to fi t t he 
model results. The model then demonstrated the relative significance of the gas phase 
and the condensed phase transport limitations in the PEMFC cathode. 
All the models ment ioned above were onc-dimensional (i.e. only variations in the 
direction across the membrane were considered). Such models are useful in providing 
insight and reasonable predictions of fuel cell performance in the low and intermediate 
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current density ranges, but fail to reproduce the abrup t drop observed experimen-
tally at high current densities. Hence, they remain applicable only to single cells with 
relatively simple geometry and flow channel configurations. In stack modelling, multi-
dimensional diffusive and convective heat and mass transfer have to be taken into 
account in the membrane, electrode and gas channels. 
Two-dimensional effects are found to be important and to have a significant impact 
on some aspects of fuel cell operation and water management in particular, This can 
be seen in modelling the concentration of the reactants in the gas channel. In one-
dimensional models, it is always ass umed that the concentration remains a constant . 
This is not true since the reactants are consumed as they flow down the gas channel. In 
two-dimensional models, the reactant concentration can be modelled to allow variation 
along the channel as well as across the membrane. Specifi cally, the 2-D model res ul ted 
in: 
• slightly lower cell voltage, 
• severe concentration polarisation taking place at lower current densities, 
• increased humidifi cat ion requirements at lower current densities. 
More recent two-dimensional models have been reported by Yi [117], Nguyen [118] 
and Singh [119]. Empirical equations [39] used to describe the transport of water 
across the membrane have been applied to the two-dimensional model by Nguyen [118] 
to study the efl'ect of various humidification designs to reduce anode dehydration in 
fuel cells, Their model accounted for variation in temperature and membrane hydra-
tion conditions along the fl ow channel. However, the electrodes were not taken into 
consideration. Their model suggested that at high current densities, a large fraction 
of the voltage loss arises fTOm ohmic resistance in the membrane and that the back 
diffusion of water is insufficient to keep the membrane well hydrated (as mentioned 
in section 2.1.3). Hence, the anode has to be humidified, and if air is applied at the 
cathode instead of pure oxygen, the cathode has to be humidified as well. It was 
found that liquid injection is a more effective way of humidifying the membrane than 
vapour injection. This is because as water vapour is lost in the membrane due to 
electro-osmotic effect, the add itional water in liquid form will evaporate to make up 
for this loss. Furthermore, the membrane is more read ily humidified by liquid water. 
The heat removal characteristic of this "evaporative cooli ng" process can also be used 
for thermal management. 
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Yi [11 7] modified Nguyen 's [ll8] work to include the convect ive water transport 
across the membrane, temperature distribution in the solid phase along the flow chan-
nel and heat removal by natural convection, and coflow and counterflow heat exchang-
ers. Both this work and Singh's [119] resulted in the conclusion that different pressures 
at the anode and cathode (higher at cathode than anode) should be applied. T his is 
because, having a pressure gradient across the membrane facilitates the removal of ex-
cess water at the cathode through the anode. This is known as "anode water removal" 
[120] [121]. This work gave a clearer picture of the distribution of water in the anode 
and cathode at various current densities, enhancing the ability to cont rol the need for 
humidifying or removing excess water in various parts of the electrode. Resul ts showed 
that the electrodes needed to be humidified only along a portion of the flow channel, 
while water transport processes inherent to the operation of a fuel cell would remove 
product water in the remainder . 
Yi 's [ll7] work , as in others, ass umed that there was no pressure drop along the 
gas channel, which is not true. Furthermore, the gas transport res istance through the 
electrode porous layer was neglected. This tend to cause inaccuracies in the results 
obtained, as mentioned in the work of Springer [97], since the gas transport resistance 
plays quite a significant role in the electro-potential obtained. 
Shimpalee [122] developed the first tluee-dimensional model of a fuel cell for pre-
dicting the flow inside a single fuel cell. This was followed by four other papers [123] 
[124} [125} [126} based on the same numerical method to study the effect of gas flow 
channel spacing on current density and the mass exchange between cathode and anode 
channels. Electrochemical reactions were treated as source terms in the species equa-
tions. In these models, both the hydrogen and water species eqnations on the anode 
side were solved, despite the fact that either one of the species could be obtained by 
the mass balance of the total species present. Solving for both equations will only 
result in extra computational time since an extra species transport equation has to be 
solved. Furthermore, inaccurate solutions can be obtained if the code is not allowed 
to converge properly. This is because no enforcement has been provided to make sure 
that the summat ion of the two species is equivalent to unity. 
The effect of channel rib spacing was found to be critical. Too big a spacing lead 
to the gases being unequally distributed , while too small a spacing resulted in the 
inability to conduct efficiently the electrons to the current collector, both resulting in 
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poor performance. Neshat [123] , West [127], Susai [128] and [129] have all carried out 
simulation work in t his area to show the change in cell performance that results from 
the part ial blocking of the electrode layer. 
T he above brief rev iew has shown that three-dimensional models of a complete 
fuel cell are relatively rare. T he following chapters describe a 3D mat hematical model 
based on complete solut ion of the fl uid flow equations, in both porous (elect rodes) 
and non-porous (gas channels) regions, where a Darcy term has been included to al-
low for modelling of porous regions. Propert ies such as membrane conductivities, 
electro-osmotic drag coefficients and water diffusion coefficients have been taken from 
the work of Springer [391 and Nguyen [118] . The approach of Shimpalee [122], where 
electrochemical reactions (based on a reduced Butler- Volmer equation taking into con-
sideration only the cathode overpotential) are implemented via source terms in the 
fi nite volume cells next to the electrode/membrane interface will be followed here, al-
though a minimum number of species transport equations will be solved. T he work 
of Shimpalee will be used to validate the full version of this model before it is applied 
to simulate the conditions in which experimental work had been carried out [38]. The 
next chapter focuses on the derivation of the governing equations necessary to model 
fluid flow in a porous media , since thi s is an important aspect of electrode modelling 
in fuel cell applications. 
Chapter 3 
Porous Media Modelling 
This chapter will focus on the modelling of flow in porous media. As ment ioned in 
sect ion 2.3, there is a difference in the governing equat ions between flow of gases/ liquids 
in plain and porous media, and it is important to distingnish between the two for the 
modelling of fuel cells since fuel cells contain flow of gases/ liquids in the plain gas 
channels, porous electrodes and membrane. The first part of tbis chapter will cover 
the derivations to obtain the governing equat ions that model fluid flow in porous 
media . In modelling fuel cells, there is also a need to solve for species transport 
equations. Hence, the equation governing scalar transport in porous media will also 
be presented. Based on these derived equations, a Loughborough University in-house 
CFD code has been modified to allow prediction of flow throngh porous media. Tbis 
will constitute tbe second part of t bis chapter. To test these code modifications, a 
stndy was carried out to model the flow of fluid in a plain channel adjacent to a porous 
medium. Analytical solut ions were used to validate the results obtained. A hrief 
description of the implementation of the derived Darcy term for flow in porous media 
into the CFD code will also he given. 
3.1 Governing Equations for Porous Media 
The following section wi ll give a brief derivation of the governing equations (Navier-
Stokes equations and the species transport equat ion) that describe multicomponent 
fluid flow in a porous medium. More details can be found in [130]. The continuity 
equat ion wi ll be dealt with first, followed by the species transport equation and finally, 
the momentnm equations. 
The assumptions used ill this derivation are: 
--------------------_.- - - - - - - - - - - -_. __ ._- - -
3.1. Governing Equations for Porous Media 42 
• the fluid flow is in steady state; this restriction is trivial to relax by the simple 
addition of a transient term to the equat ion, 
• the porosity of the porous medium is spatially constant. 
3.1.1 Volume and Spatial Averaging in Porous Media-Definitions 
The system to be considered is a fluid-solid one and the macroscopic region (with 
typical length scale L) within which flow and scalar transport is to be modelled is 
shown in Figure 3.1 (130). The fluid phase, here considered to be a single- phase fluid 
(either gas or liquid), is identified as the f3 phase while the rigid and impermeable solid 
is represented by the <T phase. A microscopic picture of a small portion of the system 
(with typical length scale To in volume V) is also shown in Figure 3. 1. The significance 
of the length scales L , 1'0' e~ and the volume V will be discussed below. 
Figure 3.1: Macroscopic region (130) 
A technique of volume-averaging is used to derive rigorously cont inuum equations 
which are valid everywhere within the macroscopic domain. Starting from equations 
which are valid only within a particular phase, the process is known as spatial smooth-
ing. The resulting system of equations may be considered as a valid continuum de-
script ion of processes within the macroscopic domain as long as there is st ill a large 
number of distributed "pieces" of both phases within the microscopic averaging vol-
ume, V . This happens when small length relative to the macroscopic region of interest 
-----------------------------------------------------------------------------------------1 
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(of volume £3) is considered a "point" in a continuum made up of both solid and fluid 
phase materials. 
An averaging volume, V, may be associated with every point (x ) ill space within 
the macroscopic region and is assumed invariant with space and time. The averaging 
volume in the present context may be defined as follows: 
where V#(x ) respresents the volume of V occupied by fluid and Vu (x) the volume of 
V occupied by the solid phase. The volume fraction of the fluid phase, known as the 
porosity, ' rh of the medium, is defined as , 
Vp 
<p =--V 
(3.2) 
Different volume averages may be defined. For example, the superficial average of 
any propert.y of the fluid phase, ,pll is defined as 
(,pp)(x ) = V(l ) r ,pll lx+ypdV 
x 1vp(x ) (3.3) 
where x indicates the centroid of the averaging volume and yp is a vector indicating 
position within the fJ fluid phase anyw here wi thin V/l (x ) (see Figure 3.2. In general, 
this detail win be omitted in future). 
Figure 3.2: Position vectors associated with the averaging volume 
The intrinsic average, on the other hand, is defined as 
(3.4) 
1 
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Normally, the intrinsic average is to be preferred (for example, if a property ..pp is 
everywhere constant within the fluid phase, the same constant number is obtained for 
(..pp)fI but not for (..pp)) . Hence, scalar variables such as density, pTessure and species 
concentration are usually written in the intrinsic form. The relationship between the 
two averaging definition is 
(3 .5) 
In applying the volume averaging procedure to cont inuum transport equations, it 
will be necessary to explore the idea of volume integration applied to terms involving 
spatial differentiation. The rule for doing this is called the spatial averaging rule and 
is discussed at length in [130J-[142J. Here, it is quoted merely for clarity, using the 
gradient of a scalar fluid property ..pp as an example: 
(3.6) 
where A pa represents the area of the (3-a interface contained within the averaging 
volume, V , and n{3a is the outward normal of this interface pointing into the a phase. 
3.1.2 Continuity Equation 
The continui ty equat ion for steady fl ow within the fluid pbase in a nail-porous medium 
takes tbe form 
(3.7) 
In order to obtain tbe continuity equation applicable to porous medium, taking the 
superficial average of the above continuity equation results in 
(v .P(3 up) = 0 
Applying the spatial averaging theorem leads to 
(V.ppu(3 ) = V' (Pi3u p) + ~ r n (3 a.ppu pdA = 0 JA{3 u 
(3.8) 
(3.9) 
Since the (3-a interface is assumed impermeable, the volume-averaged continuity equa-
tion takes the form 
V.(P(3 u(3 ) = 0, (3.10) 
The point values of density and velocity vector can be decomposed into [143J 
(3. 11) 
-------------------------------- --- - -
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up = (u,, )1l + u p (3.12) 
where p" and up is referred to the spatial deviation density and velocity respectively. 
Equa tions 3.11 and 3.12 describe the volume averaged convective flux as 
(3 .13) 
Ignoring any variations of volume averaged quanti ties within the averaging volume, 
Taking the superficial average of equa tions 3.11 and 3.12 will result in 
(pp) = 0 
(ull ) = 0 
Hence, 
Equat ion 3.10 then becomes 
Substitut ing t he point velocity vector (equat ion 3.12) into equation 3.7, 
'V .pp((up)8 + up) = 0 
'V .P/i (UIl )P = - 'V ·PtJufj 
Estimating the order of magnitude of 'V.pp(ufj )" and 'V .ppup, 
'V .ppup = 0 [ p~;p ] 
(3.14) 
(3.15) 
(3.16) 
(3.17) 
(3.18) 
(3.19) 
(3.20) 
(3.21 ) 
where L is taken to be the characteristic length associated with spatial variation in 
the term (up)p while tp is the characteristic length associated with spatial variation 
in the term u", Hence, 
o [pp (~p )P ] = - 0 [ p~;fj ] 
up = - 0 [ tfj (t " ] (3.22) 
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Since C(j « L, tbis means that u/l « (u/3)p . Similarly, doing the same for the density 
term will lead to the result pp «(pp)/3. This indicates that the last term in equation 
3.18 can be neglected whenever £p « L. Hence, equation 3.18 can be simplified to 
(3.23) 
or in terms of the superficial velocity vector, 
(3.24) 
Either form of the equation (3.23 or 3.24) is valid, but use of the superficial velocity 
vector has the advantage tbat the resulting continuity equation represents a solenoidal 
(divergence free) condition on the product of intrinsic averaged density and superficial 
averaged velocity. 
3.1.3 Species Transport Equation 
The steady state species transport equation for flow in non-porous media is given by 
(3.25) 
where A is a specie in tbe fJ phase, m is tbe specie mass fr action and D is the diffusion 
coefficient . For the species transport equat ion to be applicable to a porous media, 
taking the superficial average of equation 3.25 resu lts in 
(3.26) 
Considering the diffusion term first, applying the spatial averaging theorem leads to 
Since (5 is a rigid, impermeable solid, the fJ -(5 interface is given the following boundary 
condition 
(3.28) 
This results in 
(3.29) 
Applying the averaging theorem again and assuming Dp is constant , 
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Using the same idea as in sect ion 3.1.2, V(p/3 mAp) can be written as V Ep(p/3 )P(m;l p)/3 
+ V ("ppmA/3 )' Hence in intrinsic terms, and assuming E/3 is constant , 
(V ,(V/3 V p/3 mA/3 )) = V ,V/3 [EfJ V .(PfJ )P(mAfJ )/3 + V (iif!mAfJ ) + 
~! npa,p/3 mA/3 dAJ 
A ,8u 
(3.31) 
Since the intrinsic average concentrat ion is the variab le of interest , the point concen-
tration can be decomposed into 
where mA/3 is referred to as the spatial dev iation concentrat ion. Substituting equations 
3.11 and 3.32 into equation 3.31, 
(V,(V/3 V p/3 mAP)) = V ,V/3 [E pV (pd (mA /3 )P + V(h'TtA{3) + 
l~ ! n/3a .«p/3 )/3 (mA /3 )/3 + 
A ,Bu 
(P(i) /3 mA/3 + iif!(mA/3 )/3 + pfJ m;l /3 )dAJ (3.33) 
The terms involving the area integral are evaluated at points in the f3 phase as indi-
cated by the position vector y p illustrated in Figure 3.2 [130J . 
T his can be made clear by wri ting (here, only the fi fth term on the rigbt hand side of 
equat ion 3.33 is considered, as an ill ustration): 
~! n/3a,p/3 (m;l p)(3 dA = VI ! n/3a-P!3(m;l/3 )p[x+YadA 
V ;lp. Ap.(X) 
(3.34) 
In order to simplify tbis area integral, a Taylor series expansion may be carried out for 
the intrinsic averaged concentration at point x + Y/3 
By substituting equation 3.35 for the int rinsic average of both density and species 
concentration into equation 3.33, a series of terms containing integrals of (P/3 )/3 and 
(mA /3 )(3 will be obtained. Quintard and Whi taker [144J have developed a set of theo-
rems that relate the above integrals involving (P /3 )/3 and (mA fJ )P to propert ies of the 
precise geometry of the porous medium. Reference [144J contains full details, but, es-
ssent ially, all these integrals may be shown to be negligible for "ordered" systems (see 
Goyeau [145]) , particularly if the porosity, Ep , is a constant. It is assumed here that 
tbe porous materials used in fuel cells fi t this catagory. 
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Hence, equation 3.33 simplifies to 
('V. {Df3 'VpfJmAf3)) = 'V.DfJ[E/J 'V {p/J)(!{mAfJ) P + 'V {p(! mAf3) + 
~r llpu .pf3 mApdAJ 
JApe 
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(3.36) 
Fur ther simplificat ion of the equation can be obtained if pp and ;nAf3 can be demon-
strated to be small compared to (pfJ )1l and (mAP)f3 . This development follows a similar 
line of arguement to the neglect of PfJufJ in the cont inuity equation (section 3.1.2). 
Hence, equation 3.36 simplifies to 
(3.37) 
Looking back at equation 3.26, attention is next focused on the convective term. Ap-
plying the spatial averaging ru le, 
(3.38) 
Since the (J phase is a rigid , impermeable so lid , 
(3.39) 
This reduces equation 3.38 to 
(340) 
As before, 'V. (p{i u{imAf3) can be written as 'V.ff3(PfJ )f3{u{i )f3 (mAf3 )1l (sect ion 3.1.2). 
Hence, equation 3.40 can be expressed as 
(3.41) 
Finally, substitut ing equations 3.37 and 3.41 into equation 3.26, the overall scalar trans-
port equation for distribution of species mAp in a porous medium may be expressed 
using intrinsic properties throughout as: 
(3.42) 
or using the superficial average form of velocity, 
(3.43) 
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3.1.4 Momentum Equations 
T he momentlull equations in a non-porous medium are given by (for a constant fluid 
viscosity) 
(3.44) 
For the momentum equations to be applicable in a porous media, taking the superficial 
average of equation 3.44, 
(3.45) 
Considering the convective term first, making use of the spat ial decomposit ion of the 
density and velocity vector, ego equation 3. 11 and 3.12, 
(3.46) 
From the analys is of the continuity equation, it can be seen that up « (ufJ)fJ and 
PfJ « (pfJ )P. Hence, 
(\1 PfJ Ufl UfI ) = (\1 . (PfI )P (UfJ )fJ (UfJ )fJ ) 
= €fJ \1· (Pfl )P(up)fl (UfJ )P (3.47) 
Next, the pressure term wi ll be considered . Applying tbe averaging theorem and 
expressing the superficial average pressure in terms of the intrinsic average pressure, 
wh ich is the preferred dependent variable, since it corresponds more to tbe measured 
value 
(\1PfJ ) = €fl \1 {PP)fJ + VI! ll fJuPfl dA 
Ap, 
(3.48) 
Making use of the decomposition of the point value of pressure 
(3.49) 
leads to 
(3 .50) 
Assuming Ep to be constant, 
results in [130J 
removing the average pressure from the area integral 
[~ l p, nfJudA] (Pp)p 
-(\1€fJ ) (PfJ )p 
= 0 (3.51) 
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Substi t uting this result into equation 3.50 
( V'p~ ) = E~ V' (P{! )~ + V1 ! nOuPOdA 
A~u 
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(3 .52) 
Finally, the viscous term in the momentum equation is considered. Assuming that the 
viscosity is a constant and applying t he averaging t heorem yields 
( V' J.' {! V'.u~) = V' (J.'~ V'.u{! ) + v1 ! n{!qJ.'{! .V' .u {! dA 
A80-
= V'J.'{! (V' .uO) + ~! n{!q J.'~ . V'.u{! dA 
V Apu 
Repeating the same procedure as for t he pressure term 
( V' J.' {! V' . u~ ) = V' J.' {! ( V'.u~ ) + ~! n{!q J.' {! .V' .u{! dA 
Apu 
A second application of t he averaging theorem res ul ts in 
(V'I,{! V' ·ufi) = V'J.'fi V' ·(ufI ) + V' .p.~ [~ L pu n{!qU{! dA] + 
~! J.'/l n/l • . V' . u~dA 
A ,B u 
(3.53) 
(3 .54) 
(3.55) 
Using the condi t ion of flow through the fluid solid interface, equation 3.55 can be 
simplified to 
Substi tuting equations 3.47, 3.52 and 3.56 into 3.45 
E/lV'. (pp) (j(U{! )fJ (UfJ )fJ = -E~ V' (p~ ) {! + V'J.' fJ V' .(u~) + 
~! n{! •. ( -Ip~ + J.' {! V' .u {! )dA 
A~u 
(3.56) 
(3.57) 
The intrinsic velocity can be eliminated (to match the preferred use of the superficial 
velocity in the continuity equation), result ing in 
~V'. (PQ ) /l( U{!) ( UfJ ) = -V' (P{!)~ + ~V'J.'fJ V' .( UfJ ) + 
~ ~ 
T~ ! nfJ.·(-Ip~ + J.'pV' .u {! )dA 
v {3 A8cr 
(3.58) 
The second term on the right of equation 3.58 is referred to as t he Brinkman 
correction. It is shown in reference [130J that this term is negligible compared to t he 
last term, from analysis of length-scale constraints. However, it is often preferred to 
retain tlus term in the momentum equations (except for the appearance of the E{! 
--------------------~---- - - - - ----- -
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term) so that the resultant momentum equations are also applicable to non-porous 
media flow. Reference [130J also provides details of how the las t term may be re-
written by presenting some assumptions which model the relationship between u~ and 
P/3 in terms of (u {3 )/3 . The final term may then be written as: 
\1,
1 r npq(- Ip/3 + I' p\7.up)dA = _l'p(u /3 ) 
{3 JA~u n{3 (3.59) 
where n{3 is the permeability of the porous medium. Use of tbis result in equation 3.58 
will lead to 
(3.60) 
In most cases of modelling porous media, the permeability value is so low that both the 
convective and diffusive terms in the momentum equations can be neglected , lead ing 
to Darcy's law 
\7 (P /3 )1J = _1'/3 (U/3 ) 
"{3 
Finally, comparing the point based continuity, species transport and momentum 
equations (equations 3.7, 3.25 and 3.44) with their volume-averaged counterparts 
(equations 3.24, 3.43 and 3.60) for flow in non-porous and in porous media, it can 
be seen that, if the equations involve superficial velocities but intrinsic densi ty, pres-
sure and species concentration , the difference between tbe two sets of equations is only 
due to (i) tbe appearance of a porosity term in the diffusive and convective terms in 
the porous media equations, and (ii) an extra sink term involving the permeabi li ty 
in the momentum equations. Hence, to modify an existing CFD code for nou-porous 
flow iuto one valid for both non-porons and porous media (in different regions of the 
solut ion domain) is relatively trivial. The same set of modified governing equations for 
flow in porous media can be used for nou-porous regions as well by setting the porosity 
to be equal to one, and removing the Darcy term in tbe momentum equations in the 
non-porous regions. 
3.2 Modelling a Plain Channel Adjacent to a Porous Back-
mg 
To validate the code modifications for porous media flow , a test problem has been 
investigated . The test problem consists of flow down a non-porous channel with a 
layer of porous material along one side (see FigUl'e 3.3). T bis section will focus on the 
modelling of the porous/non-porous regious, the treatment of the porous/ non-porous 
interface, and a comparison with an analytical solution. 
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3.2.1 Governing Equations for the Numerical Solution 
Consider a two-d imensional steady flow of gas in a porous free plane channel adja-
cen t to a layer of porous medium as showll in Figure 3.3. 
".~ :- /-----------j 
H"~============================ l 
Figme 3.3: 2D geometry for an adjacent porous/non-porous channel 
T he equations of continui ty of mass and momentum within the nail-porous region 
are: 
Continuity equation 
V.pu = 0 (3.61) 
Momentum equations 
V.puu = - Vp + V/IV.U (3.62) 
For the porous region, vol ume averaging of the region of concern has to be car-
ried out [130J. Sections 3.1.2 and 3.1.4 above have given a hrief description of how this 
is achieved. In short , the continui ty and momentum equations in the porous region are: 
Continuity equation 
(3.63) 
Momentum equations 
(3.64) 
3.2.2 Boundary Conditions for the Numerical Solution 
For the ahove porous/non-porous geometry, the houndary conclitions required are, 
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Inle t 
For the plain channel, the inlet conditions at x=O and O$y$Hnl' are 
U=U in 1 v= Q 
Outlet 
For the plain channel, the outlet condi tions at x=L and O$y$Hnp are 
p = pout 8u = 8v = 0 
, 8x 8x 
Impermeable surfaces 
For the horizontal wall in the plain channel, at y=H np and O$x$L, 
u = 0, v = 0 
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Introd ucing the slip condition for the porous region, for the vertical walls in the porous 
channel, at x=O and HP$y$O; x=L and HP$y$O, 
(u) = 0, 8(v) = 0 8x 
For the horizontal wall in the porous channel, at y=HP and O$x$L, 
(v) = 0, 8(u) = 0 
8y 
Porous/ Non-porous Interface 
Applying the Joseph and Beavers' condition [1461 at a porous and non-porous interface 
at low permeability, at y=O and O$x$L, 
unp=( u)P, vnp=(v)P, pnp=(p)PP, /1- g~=/1-ef /6~) 
where the superscript "np" refers to properties in the plain channel region while "p" 
refers to properties in the porous channel region. 
3.2.3 Analytical Solution for a Plain Channel Adjacent to a Porous 
Backing 
A two-dimensional analyt ical so lu t ion for an adjacent porous/non-porous chan nel 
is derived to compare wi th tbe result s obtained numerically. In the derivat ion, it is 
assumed that the flow is steady and developed. The full derivation is presented in 
Appendix A.6. 
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Non-porous Channel 
T he governing equation and boundary conditions for the non-porous reg ion are 
gjven as, 
(3.65) 
u = 0 at y = H np (3.66) 
·t,np = (u)P at y = 0 (3.67) 
Porous Channel 
The governing equation and boundary conditions for the porous region are given 
as, 
unp = (u)P at y = 0 
B(u)P Bunp jJ.e"-B- -I"-B- = 0 at y = 0 y y 
B(u)P 
-- =0 at y= H P By 
(3.68) 
(3.69) 
(3.70) 
(3.71) 
where jJ.eff=7. Boundary condi t.ion 3.69 t.akes into account the continuity of ve-
locity at the porous/non-porous interface, 3. 70 deals with the coupli ng of shear stress 
at the porous/non-porous interface while 3.71 takes care of the slip condition at the 
porous wall. 
Non-Dimensionalisation 
Applying the fo llowing non-dimensional parameters 
y = Y 
H ' 
t< 
Da= --2' H np 
p= Bp , 
Bx 
to equations 3.65 and 3.68, and the boundary conditions 3.66, 3.67 and 3.69 to 3.71 
will result in , 
Non-porous Channel 
(3 .72) 
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u = 0 at Y = 1 (3. 73) 
unp = (U}p = U at Y = 0 (3.74) 
Porous Channel 
(3.75) 
unp = (U)P = U at Y = 0 (3.76) 
(3.77) 
a(u )p HP 
- - = 0 at Y =-ay H (3 .78) 
Analytical Solutions 
From the above governing equations (3.65 and 3.68) and the appropriate boundary 
condi tions (3 .66, 3.67 and 3.69 to 3.71 ), the following ana lytical solu tions are ob tained, 
based on an in let volumetric fl ow rate of l. Oe- 6m3/s and an inlet a rea of cross-section 
Imm x Imm (refer to A.6): 
Non-porous Channel 
l.Oe- 3 
u = - 27.05K _ 4.6ge 6 [2 7322 .40y2 - (-54103770K + 27.05)y -
54103.77K - 2.71e- 4 (3. 79) 
Porous Channel 
(u) = ( 2 .71 e - 7 - 0.54K ) l OOOOOy 7 80 - 20( 2.71 e-
7 
- 0.54K ) - 100000y 
==--=----,- exp + . e exp + 27.05K + 4. 69c 6 27.05K + 4.6ge 6 
54.64K (3.80) 27.05K + 4.6ge 6 
In this numerical test problem, a grid dependence test was carried out . This was 
done by decreasing and increasing the base case grid density by 50%. The results 
obtained were then compared with the base case and it was observed that the res ults 
were less than 3% different from each other. The base case grid density used was then 
considered to be grid independent . Figme 3.4 shows the comparison of the resul ts 
obtained based on the different grids used . In the following chapters to follow, the 
same grid independence test will be carried out . In this test case, a grid of 100 cells in 
the i-direction (x) and 10 cells in the j-direction (y) for both the porons and non-porous 
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Figure 3.4 : Velocity profile for a porous/ nOli-porous channel wit li a permeabi li ty o\" 
l e- 10m2 with different gr id dcusity 
regions wcrc used . The velocity profil e in the por01ls region h,lS been enlmged to give 
a clearer picture for compmison. 
Figures 3.5, 3.6, 3.7 and 3.8 below provide a comparison of the velocity profiles 
obtained from the modified CFD cod(! (more definitions of tnis to be prov ided in the 
next chapter) , using equations 3.61 , 3.62, 3.63 ,Uld 3.64 , and t lie appropriate boundary 
conditions givcn in section 3.2.2, to the analytical solu tions stated above (equations 
3.79 and 3.80) . 
It can be seen that for permeability valucs down to 5e- 12m2, almost perfect agree-
ment between mnnerical and analytical solution is obtained. Lookiug at the v~jocity 
profile in tbe porous region, it can be s n that as tbe permeabili ty decrca..~es , tbe 
gradient at tbe porous/ ooo-porous intcrface gets stccper. Furtbermore, lowering the 
permeabili ty rcsults in very small velocity in the porous region , making the cffect of 
convection a lmost negligible. The mH.ximulll crror bctwccn the analytical solution and 
thc numcrical result is only 2%. 
How vcr, as tbe permeability valuc is further lowered, the codc does not converge. 
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Figure 3.5: Comparison between nUlllo";cal and analyt ical velocity profil e for " poroUH/ 
non-porous channel with a permeabili ty of l e- 10 m2 
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F igur 3.6: Comparison betwccn numerical and analytical velocity proflle for a porous/ 
no n-porous ch,mnel wi th a permeabi lity of le- ' I m2 
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F igure 3.7: Comparison betwc~n 1I11111cri<:al a nd analytical velocity pro6le for a POl'Ous/ 
non-porous dJaunel with a permeabi li ty of 5e- 12m2 
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The numerical solution [aiL~ and the parabolic profile in the non-porous channel is lost. 
This could be due to the [act that the calculations have been carried out with a fixed 
grid , and as tbe permeability decreases, a finer grid is needed to captnre interfacial 
transition. The error however, is also believed to be a result of matrix stiffness due to 
the low value of permeability used, res lilting in a very big source term. This errOr is 
suspected to oecm' at the porous/ uon-porous interface, where there is a need to couple 
ecUs containing very big source terms in tbe porous region to ceUs witb negl igible 
source term in tbe non-porous region . This is a limitation of the solver used in the 
code. Figure 3.9 shows the comparison of velocities obta ined in the porous region 
between the analytical solution and the numerical result. It can be seen that for higher 
permeabiljty values, very good agreement is obtained between analyt ical solution and 
numerical result. However, when the permeability value is reduced to l e- 12m 2 , the 
numerical solution fails and agreement with analytical solution is lost. 
0.003 
Analytical 
• Modet • 
~ 0.002 
~ 
0 
Qi 
> 0.001 
2 3 4 
Permeability of porous region, m2 
l·permeability= 1 e-'·, 2-permeability= 1 e-", 3·permeability=5e·", 4-permeability= 1 e-" 
Figw'e 3.9: Comparison of velocity In the porous region between analytical solution 
and numerica l result 
Hence, it is important that in using the current CFD code, tbe value of permeabilj ty 
used in modeWug any porous medium should be greater than the Ijmiting value of 
5e- 12 m2 . From the different models of PEMFC found ill the li terature, it ca[l be 
seen that typical values of electrode permeability ranges between l e- 8m2 to l e- 11 m2, 
althougb a few as low a.~ l e- 18m 2 were also applied. Hence, the li mjted range of 
permeabi li ty values that call be applied to the present CFD code is still val id for fuel 
cell modelling. 
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3.3 Summary 
Governing equations based on the Navier-Stokes equations and species transport 
equation for use in porous media modelling have been derived and presented. Em-
phasis has been made between superficial and intrinsic (Juid propert ies when flow in a 
porous media is being considered. This is because certain ptoperties are better dealt 
with in the superficial form, such as velocity vectors while other scalar properties, such 
as density, pressure and species concent rat ion are better in the intrinsic form. The 
derived equations may then be implemented in a CFD code for flow through porous 
and non-porous medias. The modified code was applied to a case of computational 
modelling of fluid flow in an adjacent porous/non-porous region. To validate the code 
modifications, analytical results were used to compare with the simulated results and 
good agreement has been obtained up to a limiting value of permeabili ty, which is 
still acceptable for fuel cell modelling. Parametric study on the eflect of the degree 
of permeability used in fuel cell application wiIJ be presented in chapter 5 when the 
cathode of the PEMFC is modeLled. 
With all the derivations carried out so far for modelling of flow in porous media, 
it is now possible to write a set of governing equations for the flow of fluid relevant to 
fuel cell model1ing. Apart from the governing equations, empirical equations needed 
for the complete modelling of PEMFC will be also presented in the next chapter. 
Chapter 4 
Governing Equations and 
Numerical Details 
In the prev ious chapter, governing equations suitable for porous media modelling 
have been deri ved. In t his chapter, the general governing equations for modelling fuel 
cells will be presented. Apart from the Navier-Stokes and species transport equat ions, 
empirical equations needed to determine parameters such as the electro-osmotic drag 
coefficient, diffusion coeffi cient , water concentration at the anode/membrane and cath-
ode/membrane in terface etc. will also be descri bed. Finally, the numeri cal setup used 
in this thesis will be presented. T he Loughborough University in-house ClOD code, 
F\,el3d [147], has been modified and used for the simulations. New subrout ines that 
take into consideration the species transport equat ions and the electrochemical equa-
tions have been implemented. A brief description of the numerical details of the code 
is also provided. 
4.1 Model Equations 
A schematic diagram of a typical single fuel cell is given in Figure 4.1. The top 
view of the fuel cell shows the manifolds directing fuel/oxidant into and out of the gas 
channels in the current collector. Both co-flow and counter-flow systems are possible 
in this configurat ion. The gas distri butor shown is the conventional type where gases 
(fuel or oxidant) fl ow in at one end of the channel and Bow out the other end of the 
same channel. The diagram shows the gas channels to be of the same number on anode 
and cathode sides and fully aligned with each other (i.e. directly opposed across the 
membrane). Other configurations are possible if required. The Eront view of the fuel 
cell shows the placement of the anode current collector and electrode with respect to 
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the cathode current collector and electrode. The membrane and catalyst layers are 
so thin compared to the electrodes that they are represented as a boundary between 
the anode and cathode porous electrodes. Assuming that the gas channel lengths are 
suffi cient ly long that the effects of the in let/outlet regions near the manifolds do not 
need to be taken into consideration, and that there are many ga.~ channels in the 
single cell so that all channels away from the cell side borders are similar, the solution 
domain can be represented by a typical unit representing cell gas channels throughout 
the whole cell. 
Coflo",: boItI h)'Ctcrted fuEl (;:naje) m hy::llClloo oxidant (eiltrode )a.tI 
COU"ltertO'll'" h)clTided \.le, l~}a...d ;r,d h)dr<rttd OlIidant [aatJ-ode)in oc vice verS<t 
. . 
I " , , " , 
I:-::-:.~':-:".,::-:: . ~':-:-. ~ ':-:". l ':-:". l ':-:-.l.7. ':-:C . . ':-:-:.; ::-.; ':-:-:.; ... l.-:: .:.-:-: .:.~ ;.~ .:. c::-:: . :. :-: .':-:-.: 
Coflow: bc:rIh h~ated fufl (anode l:nd h)drated oxidant [eat lY.>de)1I"'I 
Coo..nterllow; h)drated ruel(an:xle)in ;nd hyjrated o:.;iclani (catl"ode] 
out or viCt ... ~S<t 
Top view of a single fuel cell 
':::~ I ~HfH 8 ~ § ~ 8 8 i.J~ 01l H ~ P P ~ 1:1 
Electrode 
Membrane and Current collector 
catalyst layers Gas channel 
Front view of a single fuel cell 
F igure 4.1: Schematic diagram of a single fuel cell configuration 
A schematic diagram of this typical repeating uni t of the single fuel cell is shown 
in Figure 4.2. T his repeating unit would clearly be d ifferent if anode/cathode gas 
channels were not geometrically opposed and aligned, bu t this could easily be taken 
into considera tion once the precise layout of the cell were known. The computational 
domain therefore consists of an anode gas channel, an anode gas electrode, a cathode 
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gas electrode and a cathode gas channel. The anode/cathode electrode interface is 
a boundary on which conditions representing the membrane/catalyst layers will be 
ap plied. T he gas channels are IlsuaJJy hanuels maduned in graphite pl'ltes (the current 
c;ollector) for hyd rated fuel/ox idant to fl ow into and excess byd l'ated fuel/ox idant plus 
water prod uced 1.0 flow out of the cel l. 
CathOde gas channel 
Cath_ electrode 
"Y3--~-..L.._-J.....~ 
... ,,---+------1 
,..vo ____ ..L.._---' 
~Z2 
-
---
---Membrane and ---catalyst layers 
----
A nude electrode 
Anode gas channel 
Figure 4.2: Schematic diagram or a cOlllplete anode/cathode assembly for a PEMFC 
in tbis work, five species arc considered, munely, hydrogen and water on the anode 
side and oxygen, ru trogen and water on the cathode side. Water is ollly considered to 
be present in the vapour phas . Hydrated hydrogen is fed in through the anod gas 
channel. When hydrogen molecu les reach tbe anode catalyst layer, they dissociate into 
protons and electrons by the reaction: 
(4.1 ) 
T he protons move across the membrane to the cathode side whi le tbe ciectrons 
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will be collected by the current collector to produce cutTent in the external cell. T he 
electrons will then return to the cell via the external load of applicat ion to the cathode 
side catalyst layer. At the cathode, hydrated air flows into the gas channel. When the 
oxygen molecules reach the cathode catalyst layer, they combine with the protons and 
electrons to produce water. 
(4.2) 
Water transport through the membrane takes place via a diffusion flux , depending 
on the concentration of water on the anode and cathode sides (the direction of flux flows 
from high to low water concentration, usually from cathode to anode side), and also 
via electro-osmotic drag effected by the protons moving from the anode to the cathode 
side dragging water molecules with them. Since the membrane is not being modelled as 
a separate part of the computational domain but rather as a boundary condition, this 
transport phenomenon will be taken into consideration by monitoring and using the 
predicted water concentrat ion on either side of the membrane at the anode/cathode 
electrode interface. T he electrochemical reactions at the membrane/catalyst "bound-
ary" must be simulated by surface based source terms in the control volumes on either 
sides of the anode/cathode electrode interface. 
F igure 4.3 gives a simplified cross sect ion of a single channel complete PEMFC for 
numerical modelling, showing the numerical discretisation of the cross-sect ional area. 
It includes the anode gas channel, anode electrode, cathode electrode and cathode gas 
channel. The grid nodes at which the electrochemical reactions take place can be seen 
in Figure 4.3 where the anode electrochemical reactions take place at the red nodes 
while the cathode electrochemical reactions take place at the blue nodes. The green 
nodes show the boundaries of the diflerent computational domain. 
Table 4.1 shows the governing equations that are used in the three-dimensional 
CFD flow solver, Fuel3d . In fuel cell applicat ions, the velocity of the inlet gases are 
small and low Rey nolds number are obtained (these will be shown in all calculations 
presented here) . Hence, the code to be used will be that [or laminar flow . The various 
SOurce terms for the electrochemical reactions in the continui ty and species equations 
(Sea, Sce , SI1" SI1,o., SO, and Sn,ocl only take place in the nodes shown in Figure 
4.3 (red for the anode source terms, Sea, SN, and SH,O. and b lue for the cathode 
source terms Sce, So, and Sf{,ocl. Elsewhere in the solution domain , these source 
terms are zero. A source term is added to the momentum equations (Srn) to take into 
considerat ion the effect of the porous electrodes. This source term is effective at all 
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nodes in the porous region. T he parameLer A that appears in the source terms refers 
to the cell surface area corresponding to each node. 
T he source terms SII, and So, refer to the depletiou of hydrogen and oxygen at 
the anode and cathode control volu mes ncxt to t it membrane respectively. S/I,o. and 
Sf/ ,O, take into consideration the transportation of water across tbe membrane. 
Since there are two species 0 11 the anode side and three on the cathode side, it iR 
only necessary to solve oue species transport equation on the anode side and two on 
the cathode side. Here, the water transport equation is solved on the anode side while 
botb tbe oxygen and water transport equations are solved on the cathode side. T he 
water transport equation is chosen on tbe anode side because it gives a direct coupling 
of the presence of water betwccn tbe anode and cat bode sides. T he other species can 
be obtained [ram the constraint that mass fractions must swn to unity. Hence, 
rn li, = 1 - m J/20a on the anode side (4 .3) 
mN, = 1 - mo, - m f/ ,Oc on the cathode side (4.4) 
T he following empirical equations ,u'e us ·d to calculate various terms in the abov · 
4. 1. Model Equations 
G overning equation s Mathematical e xpressions 
Co nservati on o f mass V .(p} S {u )_S"a or See 
Hyd rogen t..ransport 
equation 
Anode wll ter 
t ran sport equat ion 
Oxy gen t ra.nsport 
equation 
C atho d e water 
t ranSI)ort eq uat io n 
Table 4.1: Governing equat ions 
Source term s 
Sea =Scc=O o therwi se 
Sm=- ¥ in porous region 
S m =0 oth erwise 
M U,,/(Z,lIj A 5 11 2 =- 2F at red nodes 
5 H ? = 0 otherwi se 
. Q(Z.II JMlfp o l (z.IIJA 
5 11"> 0 ,, - 0 otherwi se 
M O,- J( :O ,lI jA 
5 02 ' <IF at b lue nodes 
50,,=0 othe rwise 
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(1+20(" ,J/)j U 11,] 0 i (z .l/ lA 
S U'lOc lJi at blu e nodes 
S /-h Oc - 0 othe rwise 
electrochemical model. These equations are based on the assumption of a hydrated 
Nafion 117 membrane and are taken directly from the work of Springer [39]. The net 
water transport coeffi cient , 0 is given by 
( ) _ ( ) _ FDIl, o (x, Y)[CH,Oc(X , y) - Cf/20a (X, y)] o x, y - n<tx ,Y I ( ) X,Y tm (4.5) 
where (x, y) here represents pos ition on the membrane surface. J(x, y) is the local 
current density, tm is the membrane thickness and F is Faraday's constant . The first 
term on the right, n,j, is the electro-osmotic drag coeffi cient; the amount of water 
dragged across the membrane by each proton from the anode to the cathode side. The 
electro-osmotic drag itself is a function of the activity of the water on the anode side, 
aa, of the MEA (membrane electrode assembly, which consists of the anode electrode, 
anode catalyst layer, membrane, cathode electrode and cathode catalyst layer). The 
electro-osmot ic drag coeffi cient is calculated as 
nd(x, y) = 0.0049 + 2.02aa - 4.53a~ + 4. 09a~ if aa :'0 1 
1.59 + 0.159(aa - 1) if aa > 1 
(4.6) 
(4.7) 
where aa is the water act ivity on the anode side (see below) . It is observed that at 
high current densities, the amount of water dragged across the membrane from anode 
to cathode is greater than the back diffusion from cathode to anode (second term in 
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eq uation 4.5). This results in a net transport of water [ram anode to cathode side, 
resul t ing in possible dehydration on the anode side. Hence, it is reasonable to assume 
tbat the water content in the membrane is more likely to be lower on the anode side 
than on t he cathode side, and consequently the activity of water on the anode side can 
be used to calculate t he electra·osmotic coefficient across t he wbole membrane. The 
second term on the right in equation 4.5 is the diffusion of water across the membrane, 
depend ing on the concentration. The water diffusion coeffi cient, D 1/,0 is calculated 
from [ll8] 
(4.8) 
The water concentration on the anode and cathode sides, CH,Oa and CH,oc in equation 
4.5, can be obtained fram 
= 
Pm ,d,'y ( 2 3 ) t{ 0.043 + 17.8aK - 39.8a K + 36.0aJ( if a J( ~ 1 
11 m,dry 
Pn"d,y (14 + 1.4{aJ( - 1)) 
NI.m,dry 
if af( > 1 
(4.9) 
(4. 1O) 
(f( = either a or C for anode/cathode side respectively). Pm ,dry is t he dry PEM materia l 
density while Mm ,dry is the equivalent weight of a dry PEM. The activity of water is 
defined as 
( ) _ x f{,o,r<tx , y)p(x, y) aJ( Xl Y - psat 
H,O,r( 
(4 .ll) 
where p is the cell pressure and XH,O ,I( is the mole fraction of water on either the 
anode or cathode side and its evaluation from the local mass fraction values obtained 
fram the transport equations is given in appendix A.3. The saturated vapour pressure 
of water , which is dependent on the temperature, is estimated to be 
Pt{~'o , f( = [0 .00644367 + 0.000213948(T - 273.0) + 
3.43293e- 5 (T - 273.W - 2.70381e- 7 (T - 273.0)3 + 
8.77696e-9 (T - 273 .W - 3.14035e- 13 (T - 273.0)5 + 
3.82148e- 14 (T - 273.0)6]1.013e5 (4 .12) 
Equations 4.5 to 4. 12 allow the source terms in the species t ransport eq uations to be 
calculated (assuming the local current density is known-see below). To complete the 
empirical imput , the diffusion coeffi cient in the species transport equat ions must be 
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provided . 
Let A and B be components in a binary mixture. For binary gas mixtures at low 
pressure, D A,a is inversely proportional to the pressure, increases with increasing tem-
perature, and is almost independent of composition for a given gas pair. The following 
equation for estimation of D A,a at low pressures has been developed [1481 from a 
combination of kinetic theory and corresponding-states arguments: 
pDA,a ( T ) b 
(PcrAPcra)I/3(TcrATer a)5/12( A,t + N)B )1 /2 = a J(Te" ATcra) ( 4. 13) 
where Po' is the critical pressure and Tcr is the critical temperature. T is the cell 
temperature and M j is the molar mass of the species considered. From experimental 
data [148], the values of a and b are taken to be 3.64.x1O- 4 and 2.334 respect ively. The 
effective diffusion coefficient applicable to the porous regions will be given by applying 
the Bruggeman relat ionship (section 2.3.3): 
The mixture viscosity can be obtained from , 
n 
/" = L Piffii 
i=l 
(4. 14) 
(4.15) 
where the individ ual species viscosity J.Lj can be obtained from gas tables at a given 
temperature. In this thesis, the mix ture viscosity is assumed to be constant and 
independent of temperature var iation. T he mixture density is then calculated from 
the ideal gas law, 
pM 
p= RT (4. 16) 
where R is the gas constant and M is the mixture molar mass which is related to the 
individua l species molar mass by the following equation , 
I n 
_= I: mi 
M j=1 Mi 
(4.17) 
The local current density of the fuel cell is given by the following equation (based on 
the same concept of obtaining the voltage of a battery with internal res istance) 
( CTm(X,y) [ I I x, y) = Vac - Vcell -1)(x, y) 
tm 
(4.18) 
where Om is the membrane conductivity, which is a function of water content, and is 
determined from 
"",(x,y) = 100 [0.00514(Mm,drY)Cu,oa(x,Y) - 0.00326] exp[1268(.h-+)] 
Prn,dry 
(4.19) 
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where Mm,dry and Pm,dry is the dry membrane molar mass and density respect ively. 
The cell overpotential , 7), is a function of local current density, the exchange current 
density at one atmosphere of oxygen and the part ial pressure of oxygen. Only the 
cathode overpotential is being considered here since the anode overpotential is usually 
an order of magnit.ucle smaller than tbat of the cat.hode, and hence CaJ) be neglected 
(sect.ion 2.2.2). The cell overpotential can be calculated from: 
( ) RT I [1.0l3e
5 I (x, y) ] 
7).'C,Y =--n 
0.5F IoPoz (x, y) ( 4.20) 
10 is the exchange current density at one atmosphere of oxygen and Po, is the partial 
pressure of oxygen on the cathode side. 
4.1.1 Boundary Conditions 
Referring to Figure 4.2, the boundary conclitions are given as, 
Inlets 
At the channel inlet , t.he known inlet velocity vectors and species mass fractions are 
speCified. An "in" superscript represents condition at the inlet of the channel and the 
subscript "i" refers to the individual specie, 
z = Z l , Xl::; x ::; X2 and YO ::; Y ::; YI 
z = Z l , Xl::; x ::; X2 and Y3 ::; Y ::; Y4 
Outlets 
At the channel outlet, zero gradient is applied to the velocity vectors and species mass 
fractions, 
z = Z2, Xl ::; x ::; X2 and YO ::; Y ::; YI 
z = Z2 , Xl ::; x::; X2 and Y3::; y::; Y4 
Impermeable surfaces 
For a porous media with an impermeahle surface, the velocity normal to the surface is 
zero while the velocities in the other directions have a "slip" condition whereby their 
gradient is zero (section 2.3.4). Considering such a circumstance for the porous elec-
trodes.' 
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In the X-Z plane, 
y=Yl , XO ~ x ~ X l and Z l ~ z ~ Z2 
Y = Y 1, X 2 ~ x ~ X 3 and Z 1 ~ z ~ Z 2 
y= Y 2, XO ~ x ~ X 3 and Z 1 ~ z ~ Z 2 
y= Y3 , XO ~ x ~ X l and Z 1 ~ z ~ Z2 
(v) = a(u) = a(w) = a(mi) ~ = 0 
ay ay ay 
y= Y3 , X 2 ~x ~ X3 and Z 1 ~ z ~ Z2 
In the X-Y plane, 
z = Z 1, XO S x S X3 and Y l S y S Y2 
z = Z l , XO S x S X 3 and Y 2 S y S Y 3 
z = Z2 , XO S x S X 3 and Yl S y S Y2 
(w) = o(u) = o(v) = o(mi)P = ° 
oz oz oz 
z = Z 2, XO S x S X3 and Y2 S y S Y3 
For the non-porous impermeable surfaces, considering boundaries in the X-Z plane, 
y = YO , 
Y = 1"4 , 
X l ~ x ~ X2 
X l ~ x ~ X2 
In the X-Y plane, 
x=Xl , YO S y S Y l 
x= Xl , Y3 SyS Y 4 
x= X2 , 1"0 :c: y :5 1"1 
x = X 2, Y3 :C:yS Y 4 
Symmetrical surfaces 
and Zl ~ z ~ Z2 
and Z1 ~ z ~ Z2 } 
am; 
u = ay = 0 
and Z I S z S Z2 
and Z 1 S z S Z2 u =omi = O 
and ZI :c: z :5 Z 2 ox 
and Z l :c: z S Z2 
Assuming that end effects are negligible and that only a repeating unit of the complete 
cell needs to be modelled, each repeating unit will be bounded by two symmetry planes. 
For the current geometry, only the porous electrodes will have symmetry planes , which 
occur in the Y-Z plane, 
x = X O, Yl :5 y S Y2 and Z I :c: z :5 Z2 
x = XO , Y2 :c: y ~ 1"3 and Z I S z :5 Z 2 o(u ) o(mi ) ~ 
--= = 0 
x =X3, Yl :c: y :5 Y2 and Z I :c: z :5 Z2 ox ox 
x = X3 , Y2 :5 y ~ Y3 and Z I :c: z S Z 2 
J unction between blocks 
For complex geometries, different blocks have to be placed together. At block/ block 
interfaces where fluid is allowed to flow from one block to another, special conditions 
have to be specified such as the velocity vectors, pressure and species gradient must 
be equivalent i.e. at the common interfaces between the gas channels and electrodes, 
y = )""1 , X I .$ x ~ X2 
Y = Y3 , Xl ~ x ~ ,..\"2 
and Z l :S z ~ Z2 } np _ < )P Hp _ < )/Jp 8mi '~P _ fJ (m j)/Jp all. _ 8(u) 
and Z1 :S z:SZ2 u _ U , p - 1} ' ----ay - ay . J.lay - J.1-efIOy 
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where the superscript "np" refers to properties in the non-porous region while "p" 
refers to properties in the porous region. 
4.2 Numerical Procedure 
Complete numerical details for the in-house CFD code, Fuel3d , are presented in the 
work of Baird [147J. Here, only a brief discription will be given. Fuel3d is a computer 
program designed to solve low Mach number isothermal flows in a three-dimensional 
curvilinear coordinate system. A structured grid , where the grid is defined by finite 
volumes, is used. The solution variables are stored at the centre of these elements (co-
located grid) while boundary values are stored at the centre of domain edge elemental 
faces. A mul ti-block grid structme is used to allow complex geometry problems to be 
solved. 
T he geometry in physical cartes ian space is transformed into computational space 
employing a three-dimensional non-orthogonal coordinate system. A finite-volume 
procedure is used to discretise the governing equations. The convect ive terms are 
discretised based on the hybid differencing scheme. This scheme is based on a com-
bination of central and upwind differencing schemes, depending on the Peclet number 
(Pe=£J~x) where dx is the distance between two consecutive nodes. T he central differ-
encing scheme, which is accurate to second order is employed for small Peclet numbers 
(Pe<2) and the upwind scheme, which is accurate to first order but accounts for tJ'ans-
portat iveness, is employed for large Peclet numbers (Pe=:::2) [149J. The diffusion terms 
and source terms are discretised based on the central differencing scheme. 
Figure 4.4 shows (as an iUustrative example) a two-d imensional array of grid nodes. 
Since the code uses a colocated grid (the scalar and vector variables are stored a t the 
same nodes), the upper case letters refer to the nodes where the vector and scalar 
variables are stored while the lower case letters refer to cell faces of the control volume. 
Finite volume discretisation of the momentum equations [149J leads to the following 
equat ion in general form: 
where L: indicates summation over all neighbouring nodes (nb ), and a nb a.re the neigh-
bouring coefficients. Unb are the values of the vector property u at the neigllbouring 
I 
I 
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Figure 4.4: Distribution of grid nodes in a control volume 
nodes and S (equi valeut to S",+SII U /I ) is the liuearised source term. 
T he source term, S, used to model the porous region, ~, cont.ains I;he unknow n 
v'cLor variable to be calculated. J3y treating this sow'ce term implicitly, the resultant 
discretisat ion equation for the momentum equations is given a.~: 
Figure 4.5 shows the grid nodes in control volnmes adjacent to the boundary. The 
grid nod,s W. and E lie on the boundary (c.g. the anode e le ·trode/cathode 
electrode interface in this ca.~e) whi le the nodes W, P and E represent the cell centre 
valu s of t he control vol umes where the source terms for species creation/ d struction 
occur. 
Similar to the discretisation of the momentUJll equations above, discretisation of 
th species equations will lead to the following equatiou in general form: 
where S represents the source terms for th hydrogen and oxygen depletion, and water 
creation, depending on the species being solved for. 
Some form of rela.xation must be applied to tbe system of non-linear, oupled discre-
t ised equa tions arising from the ciiscret isation of the governing equations to slow down 
the rate of change, to prevent numerical instabilities. T hese equations are then solved 
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Figme 4.5: Distribution of grid nodes in a control volume adjacent to the boundary 
using an iterative method known as the n'i-Diagonal Matrix Algorithm (TDMA). The 
TDMA is an effi cient gaussian elimination techn ique whieh is used to solve iterat ively, 
in one dimension , along lines for all the fl ow-field equat ions. 
The velocity-pressure solution algor it hm coded within the solver is tbe steady state 
SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm [150J. This 
algorithm is essentiaLly a guess-and-correct procedm e for the calculat ion of pressure 
on the co- located grid arrangement . T he seq llence of operations in a CFO procedw'c 
which employs the SIMPLE a lgorithm is given in F igure 4.6 [149J. 
Applicat ion of eo- located grids, together with the conventional central differencing 
formulation of the pressme gradient terms, wi Illcad to the solution experiencing oscil-
lations in t he pressure field. This is due to tbe pressme-velocity de-coupling problem 
[151J [152J. A pressme-smoothing algorithm developed by Rhie and Chow [153J is used 
to suppress th is oscillation problem. 
A 24 processor Origin 2000 computer is used to nrn the simulations . The solut ion 
is considered to be converged when the relative error in each field between two COnsec-
uti ve iterat ions is less than 10- 6 
T he equat ions required for modeLling a generic fuel cell problem have now being 
achieved. It is now possible to apply the modified CPO code to particular fue l cell 
problems. This will be done by first app lying the code to simulate the cathodic oper-
ation of a fuel cell, for wh ich solut ions already exist in the /j terature, to validate t he 
modified code. The code will then be applied to complete and new fuel cell configu-
rations . As a first step, the next chapter will cover modelling of the electrocbemical 
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F igure 4.6: Overview or solutiou procedure 
reactiolls that take place at tbe cathode or a P EMFC. 
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Chapter 5 
Modelling the Cathode of a 
Polymer Electrolyte Membrane 
Fuel Cell 
One of the main areas of difficul ty which impose limi tations on fnel cell perfor-
mance comes from t he mass transport limitation, especially on the cathode side of a 
fuel cell [17J. If water, as a product of the electrochemical reaction, is not effecti vely 
removed from the cathode electrode, flooding of the electrode will occur and hence 
reduce access for the reactants to reach the electrode/membrane interface where elec-
trochemical reaction takes place [154J. One solu tion to this problem is to use so-called 
interdigitated gas distributors. Unlike convent ional gas distri butors which only allow 
gas to approach the electrode/membrane interface by diffusion through the porous 
electrodes , interdigitated gas distributors enhance access to the membrane by an ad-
ditional forced convection process. 
Figure 5.1 gives a schematic diagram of an interdigitated gas distribu tor. In such 
a distributor , gas flows into inlet channels at one end , but since t he other end of the 
same channels are blocked, the gas is forced to flow through the porous electrode of 
the fuel cell , leading to a higher supply of reactants to the membrane. This not only 
resul ts in a higher concentration of reactant gases reaching the electrode/membrane 
interface for react ion [111], bu t also increases the ability of the reactant gases to remove 
the water produced at the electrode, thus reducing the problem of fl ooding. A few 
studies have already been carried out on interdigitated gas distribu tors [110J-[114]' 
[155], [156J. It has been shown that using interdigitated gas distributors indeed leads 
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to all improvement in performance over the cOll velltional gas distributor [111 J. In 
this study, work will be carried out to apply the mathemat ical nlOd \ling approach 
outlined in earlier chapters to the prediction of the performance of a cathode electrode 
with the geometry shown in Figure 5. 1. There were two objectives set for this work. 
The nrst was to repeat calcu lat ions ab'cad)' reported by other authors on tbis cathode 
geometry, in order to validatc t hc cicctroeilclllical and porous fl ow models integrated 
into the CFO code a.~ described in the previous chapter. The second objective was to 
use the code after acceptable validation to explore the influence of various parameters 
(eg. shoulder width, sec Figlll'e 5.1, permeability of the porous layer tc.) on cathode 
performance. 
Airflow in 
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Figure 5.1: Schematic diagra m for a two-dimensional cathode 
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5 .1 Validation of Coded Electrochemistry and Porous Mod-
els for a Two-Dimensional Cathode Problem 
Numerical results obtained for the two-d imensional cathode shown in cross-sect ion 
in Figure 5.1 above are compared to those available in the li terat ure. A 2D model im-
plies that the inlet and exhaust manifold effects are being ignored in the analysis, the 
gas channels are effecti vely long enough to neglect end effects and there are sufficient 
interdigitated channels across the width of the fuel cell so tbat all channels away from 
the sides are similar. Under these circumstances, a single cross-sect ion consist ing of 
an inlet and an outlet channel is sufficient to describe the process occurring in the fuel 
cell using an interd igitated gas distributor. Here, the recent work of Nguyen [112] has 
been used as validation data . The two-dimensional model to be considered consists of 
a porous electrode adjacent to an interdigitated gas distribu tor with an inlet, an outlet 
and a shoulder where current is to be collected (Figure 5.1). In the cathode, a ir acts as 
the oxidant. Hence, three different species exist in the gas channels, namely, oxygen, 
nitrogen, and water created by electrochemical react ion at the membrane catalyst layer. 
The assumptions used in this model are: 
• steady state and laminar flow of gases, 
• the cell is isothermal due to the high thermal conduct ivi ty of the solid materials, 
• an ideal gas mixture, 
• the catalyst layer is in a homogeneous phase, so that a macro-homogeneous model 
can be app lied, 
• presence of water is only in the vapour phase. 
The last assumption is probably the weakest since, at high current density, the 
amou nt of water generated will be higher than that removed and hence, if the water 
vapour partial pressure increases above the saturated vapour pressure for the cell con-
ditions, condensat ion will take place, leading to flooding of the electrode. However , to 
simplify the model, only water in the vapour phase is considered in this study, as was 
also assumed by Nguyen [112]. 
5.1.1 Governing Equations 
The governing equat ions are a reduced form of the model presented previously. 
These consist of the continuity equation, momentnm equations and the species trans-
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port equatious. For the current two-dimensional case, only the porous electrode needs 
to be modelled since boundary conditions at the gas channel/electrode interface can be 
provided. Hence, the governing equations, which have already been defined in Table 
4.1 are stated bere as : 
Continuity equation 
(5.1) 
Momentum equations 
(5.2) 
Species transport equations 
(5 .3) 
(5.4) 
where !,~u ) is the Darcy term included in the momentum equation to account for fl ow 
in a porous medium. Se, So, and SH,O are the source terms for the continuity and 
species transport equations respect ively. It has to be noted that these source terms 
only apply for the fini te-volume cells next to the electrode/membrane interface where 
electrochemical reaction takes place. In all other regions wi thin the solut ion domain, 
these source terms are zero. E is the porosity and " is the permeabili ty of the porous 
electrode, which are both taken to be constant . J1. is the viscosity of the reactant gases 
which is also considered to be constant since an isothermal case is considered . mi is 
the mass fraction of specie i. p is the mixture density and can be obtained from the 
ideal gas law, 
pM 
p = RT (5.5) 
p is the gas pressure, R is the universal gas constant, T is the tempera ture of the gas, 
and M is the mix ture molar mass, given by 
3 ~= L mi 
M i=1 Mi 
(5 .6) 
where Mi is the species molar mass . i ranges from 1 to 3 to take into acco unt the 
presence of oxygen, water and ni trogen in the local mixture. The diffusion coeffi cients 
in equations 5.3 and 5.4 refer to the diffusion coefficients of a gas species in a mixture 
of air and water. In order to avoid the complication of tertiary diffusion coeffi cients, an 
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estimate of simply using the binary diffusion coeffi cient between the gas species and air 
is applied . V:,;.~! is the effective binary diffusion coefficient of specie i with a reference 
specie, which is air in this case. The binary diffusion coeffi cient can be obtained from 
[148J 
V V ( T )2.334 i = i,re/ T,-
1'e] 
(5.7) 
Values of V e!!! and TT e! are given in Table 5.1. The effect ive diffusion coeffi cient in the 1.,re 
porous electrode, as used in the work of Nguyen, is related to the diffusion coeffi cient 
in the plain fluid region by the Bruggeman relationship [157J (section 2.3.3), 
(5 .8) 
where vf!! refers to the diffusion coeffi cient in the porous region while Vi refers to 
that in the plain fluid region. Only two species transport equat ions are being solved , 
since ni trogen can be obtained from the species mass halance equation such that , 
(5.9) 
Using Faraday's law, the sink of oxygen as a function of local current density at the 
membrane, accounting for the depletion of oxygen due to electrochemical reaction is 
given by, 
So, = Mo, I (x) A 4F (5 .10) 
where F is Faraday's constant, I (x) is the local current density at any point x on the 
membrane (y=H) and A is t be surface area of the electrode in any given finite-volume 
cell next to the membrane (i.e. at y=H), as illustrated in section 4.2. Note that So, 
may be interpreted as a flux of the oxygen mass fraction out of the solution domain 
througb the membrane. The corresponding expression for water is, 
S _ [1 + 2a(x)J Mu,01(x )A 
H,O - 2F (5.11) 
where a is a parameter accounting for water transport by both electra-osmotic drag 
and diffusion across the membrane (SH,O is now a positive source term in the H20 
transport equation). In order to obtain an overall mass balance, a source term has 
to be included in the cont inuity equation for the fi nite-volume cells near the interface, 
since these cells are both los ing mass (via oxygen destruction) and gaining mass (via 
water creat ion). Hence, at y=H, for the continuity equat ion , Sc=So,+Su,o. 
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T he current density, I , is obtained from the Butler Volmer equation. At the cathode, 
the electrokinetic reaction is slow, and hence the overpotential is large, compared to 
the anode. Therefore, the simplified But ler Volmer equation (section 2.2 .2) results in, 
l oco ( a,,,F,) Cpmo (~) I (x) = --' exp lIT = ' exp R T (5 .12) 
CO"re! Mo, 
where C=~, 10 is the exchange current density, co, is the local molar concentration 
CO 2 ,T f. / 
of oxygen, CO" re! is the oxygen reference concentration for the oxygen reaction, ac is 
the transfer coeffi cient of the oxygen reduction reaction a t the cathode and 1) is the 
overpotential. In this case, the overpotential is considered to be a constant along the 
whole membrane. The overpotential will only be changed to a different constant valne 
to obtain a new average current density in order to produce the polarisation curve. 
The average current density over the whole membrane area in the considered solut ion 
domain can be obtained from, 
1 t~ 
Iave = L Jo I (x) dx (5.13) 
5.1.2 Boundary conditions 
Inlet 
At the electrode inlet, the static pressure and species mass fractions are specified. An 
"'in" superscrip t represents condition at the inlet of the electrode and the subscript 
"i" refers to the individnal specie, 
Outlet 
At the electrode outlet, the static pressure is fi xed while the velocity vectors and species 
mass fractions are given a zero gradient condit ion , 
y = 0 and L2 :0; x :0; L } (p) ~ = (pout)~, a(u) = a(v) = a(mi)~ = 0 
ay ay ay 
Imper meable surfaces 
Considering the impermeable surfaces for the electrode, 
y = 0 and Ll :0; x :0; L2 } (v) = a(u) = a(mi)~ = 0 
y= H and O:O;x:O; L ay ay 
Note that these condit ions imply zero convective and diffusive flux of mass and all 
species through the membrane (and the solid shoulder). This is consistant wi th treat-
ing all these f1uxes via source terms in the fin ite-volume cells at the membrane bound-
ary, as described in section 4.2 . 
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Symmetrical surfaces 
Symmetry condi tions at the side boundaries in keeping with the assumed repeating 
number of the typical cross-sect ion considered leads to, 
x = 0 and 0 :::: y :::: H } 8(u ) = 8(mi) ~ = 0 
x = Land 0 :::: y :::: H 8x 8x 
In the work of Nguyen [1121, both static pressures at t he inlet and outlet were 
fixed. However, on ly a fixed total pressm e boundary condition at inlets and fixed 
static pressure at outlets was available in the present code at t he star t of thi s project . 
Hence, work had to be done to change t he boundary conditions available in the code 
such that static pressure could be fixed at both inlet and out let for the present test 
case. 
5.1.3 Se tting of Fixed Pressure Boundary Condition 
In the original subroutine for t he fixed total pressure boundary condi tion at any 
inlet, the total press me was fixed to a specified constant val ue (usually chosen as 0 
N/m2 for convenience) while the inlet static pressm e was obtained via linear extrapo-
lation from the two nodes internal to the boundary. This enabled the velocity profile 
at t he inlet to be deduced via application of Bernoulli 's equation: 
I 2 
Ptotal = Pstalic + '2 p u 
In the present calculation, it is desired to reproduce the work of Nguyen, who had 
provided a known value of static pressure at both inlet and outlet. The procedure 
developed was to use Nguyen 's value of the static pressure at outlet and fix this to the 
out let of om model, since in the present code, the fixed pressure outlet condition allow 
the direct application of static pressure. A value of inlet total pressure consistent with 
Nguyen 's work was evaluated by using the velocity profile provided in [112], toget her 
with the defined inlet static pressure, to obtain the total pressure over the inlet bound-
ary. This is then fixed in the present code. 
Table 5.1 gives t he base case conditions used for the calculation to be carried out 
with the above model (all parameters obtained from Nguyen [112]) . One point to note 
is that the permeability value used here is smaller than the value stated to be the lim-
iting value in this code for convergence to take place (section 3.2). However, the value 
stated before only apply to flow of fluid in a porous region adjacent to a non-porous 
region. The convergence problem experienced there was suspected to be due to the 
5.1. Validation of Coded E lectrochemistry and Porous Models for a 
Two-Dimensional Cathode Problem 82 
coupling of interfacial somce terms between the porous/non-porous interface. Since in 
the present work , only a single porous region is considered, a permeability value lower 
than the limiting value was still valid for convergence to take place. 
It should also be noted that the inlet species mass fract ions given in Table 5.1 
(without brackets) are taken directly from Nguyen's paper. It seems obvious that 
although these values were quoted by Nguyen as mass fract ions, they correspond more 
to a mole fraction composit ion of air. Nevertheless, these values have ini tially been 
used in order to reproduce Nguyen's work as closely as possible. In the section to 
follow, where parameter studies have been carried out, different (and correct) species 
mass fractions were used , as given in Table 5. 1 in brackets. 
Inlet channel widLh 
Shoulder width 
Outlet channel wid~h 
Electrode height 
Permeabi I i ty of elcCLfode (~) 
Porosit.y of electrode (€) 
Inlet mass fraction of oxygen 
Inlet mass fraction of water 
Inlet mass fraction of nitrogen 
Molar mass of oxygen 
Molar mass of water 
Molar mass of nitrogen 
Inlet channel pressure 
Outlet channel pressure 
Temperature 
Density of gas mixture 
ViscasiLy of gas mixture (J.I.) 
V02 ,re/ 
'D H 20 ,re/ 
lo/cO",l,re/ 
Transfer coefficient of oxygen reduction reaction (uc) 
Open circuit potential 
Overpotent.ial 
Net water transport coefficient of the membrane (0') 
Re 
I.Oe J m 
I.Oe- 3 m 
l.Oe- 3 m 
5.0e- 4 m 
1.0e- t3 m2 
0.3 
0.21(0 .23) 
0.0(0.0) 
0.79(0.77) 
32g/mol 
lBg/mol 
2Bg/mol 
l. 03eS Njm 2 
l.OeSNjm2 
3531< 
3.513kg/m' 
2.03e-S kgjms 
1.775e- S m2js at Tre/ = O°C 
2.56e- Sm2/s TT ~ / =3'l oC 
I.Oe-6 Am/mol 
0.5 
l.lV 
0.3V 
0.1 
2.5 
Table 5. 1: Values of parameters used in the base case 
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5.2 Discussion of Results 
T be number of grid nodes used in the simulation was 88 cells in the i-direction (x) 
a nd 50 cells in the j-direct ion (y). A grid dependence test was carried out to make sure 
that the solu tion obtained is independent of the grid density used. This is shown in 
F igure 5.2. A plot of mass fraction of oxygen across the electrode (from x= O to x= L) 
near the inlet is presented in Figure 5.2 since it is at the inlet that rapid changes in 
profile are expected to occur, as can be seen in the velocity profiles below. No details 
on grid distribution were reported in the paper of Nguyen. 
N 
0 
'0 
c 
0 
~ 
~ 
VJ 
VJ 
ro 
~ 
0.24 
0.23 
0.22 
0.21 
0.2 . 
0.19 
0.18 
0.17 
0.16 
0.15 0 
Grid density=176x1 00 
Grid density=88x50 (Base case) 
Grid density=44x25 
0.001 0.002 0.003 
Electrode width , m 
F igure 5.2: Grid dependence test for the 2D cathode test case 
Figure 5.3 shows the pressure distribution. For the current model geometry, the 
inlet is locaterl between x= O.Om to x=O.OOlm wh.ile the outlet is located between 
x= O.002m to x= 0.003rn. The pressure profile shown on the left hand side in Figure 5.3, 
whicb is taken f.rom tbe present simulation shows that pressure drop is only significant 
in tbe x direction across the sbonlder width, witb negl.igible drop across the electrode 
beight at the inlet and outlet. T he pressure profil e on the right band side of Figure 
5.3 sbows the pressme profile obtained from tbe work of Nguyen [112]. A comparison 
between the pressure profile of the present prediction to that of Nguyen's confirms the 
correct implementat ion of the fixed static pressure boundary condit ions at the inlet 
and outlet. 
A clearer ex planation of the behav iour of tbe pressure distribution is given in Figme 
5.4. It can be seen from Figure 5.4 that tbe region of significant velocity change occurs 
over the shoulder width area down the whole electrode beight, correspondjng to a 
--------------- -- -
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Figure 5.3: Pressure distribution ill tbe electr de for tbe base case: Model (left ), 
Literature [112] (rigbt) 
large pressure drop. Over the electrode inl t and outiet, the change in velocit profile 
is slight , corresponding lo a much snl<l\ler prcssur change. 
In Figure 5.5, the u and v velocity components are plotted separately. It can be 
seen that both the u anel v velocities have peaks near the inlet/sboulder and out-
let/shoulder interface. The peaks for the v velocity are due to the fact that at the 
ill let, the v velocit ies arc high, but since oll.ly a small amount of gas ca ll effectively 
reach the clectrode/ membrlule int rface (to support the electrochemical reaction) , v 
quickly decreases and t ransfers its momentum to the u velocity. 
The same occurs at the outlet where the u velocity transfers momcntum back to 
the v vel city but in the opposite direction. The peaks for the u velocity at the COrners 
of the shoulder occur because that is the shortest path for the gas to flow from the 
inlet to the outlet (least resistance to flow). 
Figure 5.6 sbows tbe predicted mass fraction of oxygen decreasing from the inlet to 
the electrode/membrane interface wher it is consumed . It tben contiJlUeS to decrease 
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Figure 5.4: Velocity vectors for the porous electrode 
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across the elect rode wid th to the outlet . On the other hand , water increases from the 
inlet to the electTOde/membrane interface and continues to increase further across the 
electrode width. This is because as oxygen is being consumed , water is being created 
and the amount of water created is 2+4a times that of oxygen consumed, where a 
refers to the overaU net water transport coefficient per proton. 
In the work of [112J, an error was made wbere the author incl uded an inverse 
of the porosity term to the species source terms (i.e. SO, MO~:/~')A and Su,o, = 
[i+2"(')J~;,0 / (.)A ). This error arose due to an inconsistency in the choice of whether 
to use intrinsic or superficial velocity vectors in the porous electrode. The govern-
ing equations used in Nguyen's work were based on the superficial velocity vectors. 
However, in deriving the boundary condit ion for pressure at the electrode/membrane 
interface, the mass fiuxes of oxygen and water were expressed using the intrinsic v 
velocity. This results in the (erroneous) introduction of the porosity term to the fluxes 
of oxygen and water. It was mentioned in a later journal that such an error had been 
d tected [158J . The error described above was corrected in the model formulat ion, but 
the results in the original paper [112J had been obtained using erroneous source terms 
and no investigation was reported in [158J of the consequence/ importance of this error. 
This has been examined in the present calculation. 
Figure 5.7 shows a comparison of the polarisat ion curve obtained from the present 
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Figure 5.5: u velocity (top), v velocity (bottom) distribution in the elcct.rode for the 
base case 
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Figure 5.6: Distribu tion or mass fraction or oxygen (top) , water (bottom) in the elec-
trode ror the base case 
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F iglU'e 5.7: Compar ison of polarisatiou curves (top), and comparison of local current 
density (bottom) 
model with and without the error term to that obtained by 19uyell [112J. It can be 
seen that there is perfect agreement between the work of [112J and this study when 
t he erroneous SOlU'ce terms were used. The local current density profile across the 
electrode width when the erroneous porosity term is included is a lso given, and it cor-
responds to the drop in oxygen mass [Taction across the electrode width given above. 
This issue leads to the conclusion of the extreme importance of proper bandJing of 
governing equations involving flow in porous media and justifies the detai ls provided 
ill an earlier chapter which describes exact ly where porosity shou ld appear when using 
either superficial or intrinsic properties. Based on the polarisation Curves sbown, it 
Can be seen that a significant difference is obtained if the equations used were based 
on couflL~ion between the nse of intrinsic and superficial propert ies. An error in intro-
d ucing an extra inverse of the porosity terlll into the mass Buxes of oxygen and water 
rcslllts in a much higher oxygen depletion and water creat ion rate, leading to a signif-
icantly smaller polarisation curve (smaller average current density at each respective 
cell potential). Tills shows the importance o[ having the correct [orms of equations 
wben modelling fl ow in porous media. 
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This concludes the first validation of the electrochemical and porous flow aspects 
of the model, which is now heing used to study the cathode problem in a bit more 
detail. 
5 .3 P arametric Studies 
A few parametric studies have been carried out using the two-dimensional cathode 
model (N.B. the correct treament of porosity at the membrane has heen used in these 
parametric studies ). Variations examined involve the effect of a change in permeability, 
electrode thickness and shoulder width. Note that only one parameter is changed at a 
time. 
5.3 .1 Effect of Permeability 
Permeability values wi thin the most common range found in fuel cell electrodes are 
compared. A permeability value of l.Oe-8 m2 is compared with the base case penne-
ability of l.Oe-13m2 Figure 5.S shows the current density profile across the electrode 
width for this range of permeabilities. By fixing the amount of oxygen available at the 
inlet and the rate of electrochemical react ion as constants, it can be seen that as the 
permeability decreases, there is more resistance to tbe flow of gas to the reaction zone, 
especially in the outlet region and hence a lower average current density is obtained. 
This effect can also be seen in the distribution of oxygen mass fraction. At the inlet, 
the amount of oxygen in both cases is the same but as the gas moves through the 
porous electrode, the amount of oxygen in the less permeable electrode decreases due 
to greater resistance to flow. 
From this result , it looks like a more porous electrode is preferable. The effect 
of electrode permeability might play a more significant part at higher current density 
when the need to supply sufficient oxygen to the reaction zone is higher due to higher 
consumption of oxygen. The purpose of the electrode is to give a more even distribution 
of reactant gases to the reaction zone. Hence, the degree of permeabili ty of the electrode 
has to be weighted carefully. Furthermore, the results show that there is a less than 10% 
change in average CUTrent density obtained when the permeability value was reduced by 
5 orders of magnitude. Hence, this shows that beyond a certain value of permeability, 
the effect of further lowering the permeability value is insignificant to the performance 
of the fuel cell. 
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Figure 5.8: Compa.rison of ern-rent density across the electrode for different electrode 
permeability (top) , 0 2 mass fraction distribution across the electrode for different 
electrode permeability: l.Oe- l3m2 (middle) , l.Oe-8m2 (bottom) 
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5.3.2 Effect of Electrode Thickness 
A comparison between different electrode thicknesses is given in Figure 5.9. As the 
electrode thickness increases, the average current density obtained decreases. This is 
because in the flow of gases through the porous medium, the gases tend to take the 
shortest route between the inlet and outlet. Hence, increasing the electrode thickness 
simply resu lts in less gases reaching the electrode/membrane interface where elec-
trochemical reaction takes place. This can also be seen in the oxygen mass [i'act ion 
distribution. At the inlet and across the shoulder width , the concentration of oxygen is 
higher for the thinner electrode and this explains the higher CUlTent density obtained. 
At the outlet, the thinner electrode will have less concentration of oxygen left due to 
the higher rate of electrochemical react ion along the whole electrode/ membrane inter-
face, and dilution by the water produced, resulting in a lower current density. Hence, 
it is clear that a thinner electrode layer is preferred. 
5.3 .3 Effect of Shoulder Width 
Increasing the shoulder width of the electrode while keeping the pressure drop 
and the elec trode thickness constant will result in a greater resistance to flow for the 
gases. Figure 5.10 shows tbat as the shoulder width increases, the average current 
density obtained decreases. A higher current density is obtained at the outlet when 
the shoulder width is smaller. This can be explained by looking at the mass fraction 
distribution of oxygen. At tbe outlet for tbe smaller shoulder width case, since there 
is less resistance to flow from the inlet to the outlet, the concentration of oxygen is 
higher and hence a higher current density is observed. However, the shoulder width 
is the only point of contact between the electrode and the current collector. Hence, 
reducing the width of the shoulder may lead to higher cell ohmic resistance. Therefore, 
tbe inlet and outlet dimensions of the channels, together with the dimensions of the 
electrode have to be considered in the optimisation of the performance of the fuel cell. 
5.3.4 Presence of Liquid Water 
One of the ass umptions used in this simulation was that water only occurs in the 
vapour phase. However, if the electrocbemical reaction is sufficiently high, the water 
produced will condense to form liquid water. This happens when the water vapour 
partial pressure exceeds the saturated vapour pressure at a certain cell condition. In 
other words, liquid water wi ll form if tbe mole fraction of water vapour is greater than 
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Figtu'e 5.9: Comparison of CUITent dens ity across the electrode for different electrode 
t hickness (topmost) , O2 mass fraction across tbe electrode for different electrode thick-
ness: O.OO1m (second), O.0005m (third), O.00025m (bottom) 
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the mole fTact ion of saturated water vapour, which is obtained from the ratio of satu-
rated pressure, Pfl~to to the cell pressure. For the current conditions , this critical mo le 
fraction of water is 0.3. 
F igure 5.11 shows the mole fract ion of water across the electrode width for different 
applied cons tant overpotentials. It can be seen tbat for an average current density of 
up to 9298A/ m2 , the water produced wOldd indeed all be in the vapour phase. Liquid 
water is ordy present at high cm-rent densities of above 10000A/ m2 . Hence, a ll the 
analysis done so far with the asswllpt ion that no liqlud water is present is va lid since 
an overpotential of 0.3V has been considered in the base case, in a ·cordance with tbat 
assumed ill Nguyeu's work. Even for overpotelltials higher than O.3V, which result 
in an average cmrent density of greater than LOOOOA/ m2, tbe results obtained from 
a single pbase model will st ill provide a good estimat ion of cell performance since 
recent two-phase works (19J [20J have indicated that only 5% of Ijquid water saturation 
is present when an average current density as high as 15000Ajm2 is obl.a.ined. This 
small amount of Ijquid water is unlikely to Cause any significant effect on the oxygen 
transport to the catalyst layer. 
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Figure 5.11: Mole fraction of H20 across the electrode at the electrode/meml rane 
interface for varying overpotcntials 
5.3.5 Extension to Three Dimensions 
In order to have a mOre realistic flow distribution correspond ing to an actual fuel 
cell , the above two-d imensional model of an interdigitated cathode has been extended 
into '1 three-d imensional model. T he 3D model c"lclllatiolls h"ve been carr ied Ollt wit.h 
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the same operational conditions as given in Table 5.1. The channel length is O. Dlm 
and there are 200 cells in the k-direction (z). Unlike the 2D cathode case where only 
the porous electrode need to be modelled, in the 3D case, the solution domain consists 
of the gas channels as well . The governing equations presented in section 5.1.1 are 
stUI applicable here, except that the porosity term in the equat ions is set to 1 when 
modelling the non-porous gas channel regions. Figure 5.12 gives a schemat ic diagram 
of the geometry considered . 
FigW"e 5.12: Schematic diagram of the 3D cathode geometry 
Boundary conditions 
Inlet 
At the charrnel inlet, the static pressW"e and species mass fract ions are specified, 
z= O, O ~x~ Ll and O ~ 1J ~ Hc } mi= m:n, p = pin 
where an "in" superscript represents condit ion at the inlet gas channel and tbe sub-
script "i" refers to the individua l specie. 
Outlet 
At the charrnel outlet , the static pressure is fixed while the velocity vectors and species 
------ ---------- - - - - - - - - - - - - - - - - - - -
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mass fractions are given a zero gradient condition, 
C } out 8u 8m i 
z = 0, L2 $ X $ Land 0 $ y $ H p = p , 8z = 8z == 0 
Impermeable surfaces 
For a porous media with an impermeable surface, the velocity normal to the surface is 
zero while the velocit ies in the other directions have a "slip" condition whereby their 
gradient is zero (section 2.3.4). Hence, for the electrode, considering the X-Z plane, 
y = H E, 0 $ x $ L 
In the X-Y plane, 
z = 0, 
z - ZL 
- , 
DSxS L 
D$x$ L 
and 0 S z S ZL } 
(v) = 8(u) = B(w) = 8(mi)(3 = 0 
By 8y 8y 
For the non-porous surfaces, considering the X-Z plane, 
y = 0, 0 S x S Ll and 0 $ z S Z L 
Y = 0, L2 S x S L and 0 $ z $ ZL 
In the Y-Z plane, 
x = Ll , 
x = L2, 
O$Y$ HC 
0 $ Y $ HC 
In the X-Y plane, 
and 0 $ z $ ZL 
and 0 $ z $ ZL 
z - Z L 
- , 
z - Z L 
- , 
o $ x $ Ll and 0 $ y $ H C 
L2 S x S Land ° S y S HC 
Symmetrical surfaces 
Assuming that end effects are negligible and that only a repeating unit of the complete 
cell needs to be modelled, each repeating unit will be hounded by two symmetrical 
sides, 
For the porous regions, in the Y-Z plane, 
x = 0, 
x = L , 
HC S y S H E and 0 S z S ZL 
HC $ y $ H E and 0 S z S ZL 
For the non-porous regions, in the Y-Z plane, 
x = 0, ° $ Y $ HC and 0 $ z $ ZL 
X = L , ° $ y $ HC and 0 $ z $ ZL 
} 
8(u ) = 8(mi)(3 = 0 
8x 8x 
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J unction between blocks 
At block/block interfaces where fluid is allowed to flow from one block to another , i. e. 
between the gas channels and electrode common interface, in the X-Z plane, 
v = He , 0 ::; x ::; L1 and 0 ::; z ::; ZL } np _ ()P np _ ( )PP 8m/'P _ 8{mi )fjp Du _ 8{u) 
L U - 1I , p - p ) - 1 J.L - J,tel/ a 
y = H e , £2::; x ::; Land 0::; z ::; z ay ay ay y 
where the superscrip t "np" refers to the properties in the non-porous region whi le "p" 
refers to the properties in the porous region. 
Figure 5.13 shows the pressure distribution and the velocity vectors at various x-
y cross-sections (z plane) . It can be seen that significant pressure drop in the gas 
channels occurs with in the first 25% down the channel length from the inlet while the 
pressure drop in the porous electrode is constant a long the whole electrode length. 
This drop in pressure may be due to tbe rapid development of tbe velocity profile from 
the specified static pressure at the inlet gas channel. Subseqnently, the pressure is seen 
to be a constant down the channel because its change is so small that it cannot be 
reflected from the plot . Figure 5.14 shows the pressure and velocity distributions [or a 
top view of the electrode at the gas channel/electrode interface (y plane). As with the 
two-dimensional case, the peak velocit ies occur at the corners of the channel/shoulder 
interface. However, the two-dimensional case is unable to predict tbe actual variation 
in species concentrations and current density along the electrode, as shown in Figure 
5. 15. 
Figure 5.15 shows the oxygen, water and ClllTent density distribution at the elec-
trode/ membrane interface. There is significant drop in oxygen both down tbe channel 
as well as across the electrode. It can be seen that at different z planes, the local 
current density is also significantly different between the inlet and outlet. Hence, the 
two-dimensional model can only give an accurate idea of how tbe various species are 
distribu ted at a certain z-location in a channel. Furthermore, the two-dimensional 
model cannot predict the occurance of oxygen depletion down the whole electrode 
length. For this case, the phenomenon of oxygen depletion is especially important if 
the electrode is longer than O.005m , which is the case for an actual fue l cell. This 
shows the importance of baving a three-dimensional model. 
A comparison in performance between the use of a conventional fl ow distributor 
and an interdigitated flow distributor was then carried out. This was done by fixing the 
same flow rate into both flow distributors. Looking at Figure 5.12, for the conventional 
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flow distributor, the inlets arc located at the plane, z=O for the two ga.~ channels while 
the out lets are located at the plane, z=ZT.. For the interdigitated fl ow distributor, the 
inlet is located at z=O, 0 S x S L1 and 0 S 11 S He while the outlet is located at 
z=Z'", L2 S ~c S Land 0 S 11 S H e 
T he polarisation curvcs arc shown in Figure 5.16. It can be seen that at low current 
dunsity, where the consumption rate of oxygen is low, not much difference is observed 
between the two types of distributors. However, at high current dens ity, where ma.~s 
transfer limitation is expected to occur, the use of all interd igitated flow distributor 
gives a mucb higher polarisation cm·ve. T his is because at high current density, the 
conventional Row distributor canuot prov ide a high enough oxygen transfer rate to 
the electrode/membrane interface for e lcctrocbemical reaction to take place d ue to 
diffusion limitation. For the interdigitated fl ow distributor, it cau supply oxygen itL 
a much higher rate by forced convection . Hence, mass transfer limi tation is seen to 
occur at " lower current density for the conventional Row distri butor. T his is furt her 
illustrated in the power density cw·ves. 1t shows t he power density rcaching it lower 
ma.x.immn peak using a convent ional flow distributor compared to the in terd igitated 
olle. 
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Figure 5.16: Comparison of polarisation and power density curves using conven-
tional/interdigitated flow distributors 
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5.4 Summary 
A two-dimensional cathode with an interdigitated gas distributor has been mod-
elled to give an insight into the fluid dynamics and distribution of gases in the electrode. 
Validation of the CFD code wi th the inclusion of electrochemical reactions and fluid 
flow in porous media has been carried out successfully by reproducing results obtained 
in the work of Nguyen [112]. An error has been discovered in the work of Nguyen 
related to the incorrect inclusion of a porosity term in the mass fiuxes of oxygen and 
water at the electrode/membrane interface. The appearance of such a term led to a 
much lower performance of the fuel cell , as can be seen from the polarisation curve. 
This shows the importance of proper implementation of governing equations for flow 
in porous medium, and care needs to be taken in discriminating between superficial 
and intrinsic fluid properties. 
Parametric studies have been carr ied out which show that at the pressure gradi-
ent applied across the inlet and outlet , the two val ues of permeability used did not 
produce much significant dilference in terms of the averaged current density obtained. 
This might suggest that for certain flow conditions, there is no advantage in using 
an electrode with a higher permeability. In addition, increasing the thickness of the 
electrode will result in less reactant gases from reaching the catalyst layer, and hence 
reducing the chance of electrochemical reaction taking place. This applies also for 
increasing the shoulder width size, as increasing the sboulder size causes greater re-
sistance to flow of the gases. It has a lso been shown that at relatively high current 
density, the water in the electrode is still in the vapour phase, making the use of a 
single phase model valid . 
Finally, the two-dimensional model was extended into a three-dimensional one. 
This three-dimensional model of the interdigitated cathode showed that the two-
dimensional model can only give accurate results at a certain z-location. Important 
aspects such as the depletion of oxygen down the entire electrode length cannot be 
predicted with a two-dimensional model. Furthermore, it has been shown that an 
interd igitated flow distributor does indeed improves the performance of the fuel cell 
by increasing the limiting current density and hence reducing the problem of mass 
transport limitation at high current density. 
In the modelling of fuel cells, it is necessary to model the anode as well , so t hat 
the local distribution of water on the anode and cathode sides can be taken into con-
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sidcration. This will enable parameters such as the overpotential, uct watcr transport 
coefficient etc. to vary locally in thc solu tion domain, representi ng a mOre rcalistic 
fucl ccll operation. Furthermore, two-dimensional models cannot prcdict completely 
the fluid dynamics and electrochcmical reactions that take place ill au actual fuel 
ce ll. Hence, the next chapter wi ll covcr the fu ll thme-d imens ional modcl of a fuel c' lI , 
including the anode. 
Chapter 6 
Three-Dimensional Model of a 
Complete Polymer Electrolyte 
Membrane Fuel Cell 
The previous chapter has described a method for numerical prediction of fuel cell 
performance, and has benchmarked this method against other authors' work primarily 
in two-dimensions, involving only the cathode. Such a model has limited application 
for the full understanding of fuel cell behaviour. Firstly, being restricted to two-
dimensions, it has omitted important details in terms of the act ual fl ow that occurs 
in the electrodes both along their length (end effects close to inlet/outlet manifolds) , 
and due to variat ions in the current density on the membrane in the direction orthog-
anal to the flow but parallel to the membrane, which is caused by the consumpt ion of 
species along the membrane. Secondly, only the cathode has been considered, which 
makes it impossible to study the full effect of water transport across the membrane. In 
this chapter, a complete fuel cell will be modelled in three-dimensions and the resul ts 
obtained will be compared to the work of Shimpalee(122]. 
6.1 Verification of Model applied to a Complete Polymer 
Electrolyte Membrane Fuel Cell 
In the work of Shimpalee [122], a mathematical model of a fuel cell that consists of 
a single anode gas channel, anode elect rode, membrane, cathode electrode and cathode 
gas channel in three dimensions has been carried out. This simple geometry makes 
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it convenient for use as a validation test case for the present model. Furthermore, 
water properties such as the electra·osmotic drag and diffusion in the membrane are 
variable along the channel length and may be considered by applying the empirical 
equations provided by Springer [39J and Nguyen [118J . T his local variation in water 
propert ies will allow a clearer picture of what is happening in the fuel cell. Once again , 
the membrane and catalyst layers were not modelled as separate regions. Ins tead, tbe 
electrochemical reactions occurring in the catalyst layers were accounted for as source 
terms in tbe fini te-volume cells within the anode and cat bode electrodes next to the 
membrane. Since Shimpalee's model was also based on a finite-volume method , the 
source terms used are applicable to the present model directly. 
The difference between Shimpalee's work and the present study is that in their 
model, they solve for botb the hydrogen and water species transport equations on the 
anode side and the oxygen and water species transport equations on the cathode side. 
Since t here are only two species on t he anode side, it is sufficient to solve fo r only 
one specie and obtain the mass fraction of the other specie by a mass balance. This is 
computat ion ally more efficient and it promotes the mass balance of the species present . 
This is the approach adopted in the present work . Hence, only the water specie trans-
port equation is solved on the anode side. The water specie transport equation was 
chosen because it prov ides a direct coupling of the concentration of water between 
anode and cathode sides. 
A schematic diagram of a typical fuel cell has been shown in Figure 4. 1 (chapter 
4) . Here, the repeating unit is presented again in F igure 6.1. The computational 
domain consists of an anode gas channel, an anode electrode, a cathode elect rode and 
a cathode gas channel. This computational domain will be used in the current model, 
since it has been used in the work of Shimpalee. 
FoUl' species are considered in this study, namely, hydrogen and water on the an-
ode side, and oxygen, nitrogen and wa ter on the cathode side. In order to be able to 
compare results witb [122], the anode and cathode channels being considered here are 
the conventional and not the interdigitated type. 
T he assumptions used in the 3D model are: 
• steady state and laminar fl ow of gases, 
• an isothermal cell due to the high thermal conductivity of the solid materials, 
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Figure 6.1: Schematic diagram of a complete anode/cathode assembly for a PEMPC 
• an ideal gas mixture, 
• t.he 'atalyst layer is homogeneous, 
• presence of water is on ly in the vapour phase. 
6.1.1 Governing Equations 
The governing equations consist of the continuity equation, momentum equations 
and the various species transport equations presented in Table 4.1. The empirical 
equations and aU other parameters needed for the model have ah'eady beeo described 
in chapter 4 under section 4.1 while tbe boundary conditions required have been stated 
in section 4.1.1. Table 6.1 gives the base case cooditions for the model. 
In tbe work of [122], no distinction was made between intrinsic and superficial 
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variables. Hence, the porosity was taken to be equal to one and only the diffusion 
coeffi cient of each specie was reduced by a factor of 0.5 to account for porosity and 
tortuosity. In this study, as before, the SI:MPLE (Semi-Implicit Mctbod for Pressure-
Linked Equations) algorithm is used to solve the equations. In order to reproduce 
the model ass umptions made in [122] , values of porosity, € and the binary diffusion 
coefficients V A,a were fixed accordingly. 
In this calculation , a grid dependence test was carried out to make Sure that tbe 
solution obtained is independent of the grid dens ity used. The mass fraction of water 
acrORS the ga.~ channel IInd p. lectrode at thp. anode side (at x= X 1t X2, YO ~ Y ~ Y2 
and z= Zlt Z2 ) is plotted in Pigure 6.2. Only the anode side is pJ'cscnted since tbe 
cat bode side geometry is exactly the same. The grids were tben fixed at 10 cells in tbe 
i-d irection (x), 10 ceUs in t lte j-direction (y) and 200 cells in the k-dil'cct ion (z) for the 
gas channels, while for tbe electrodes, t bcy were fixed at 38 cells in the i-direction (x), 
10 ceUs in the j-direction (y) and 200 cells in tbe k-diJ'ection (z). 
--- Totalgriddensity=1 92000 
--- Total grid density=96000 (Base case) 
F======:::::::""""""::::,,.~ --- TOIa! grid density=48000 
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Figure 6.2: Grid dependence test for 3D complete fnel cell test case 
Four different cases were considered: very low humidity, low humidity, higb bumid-
ity and very high bumidity (on the catbode side) while a ll other parameters were kept 
constant. Figures 6.3 and 6,4 show the pressw'c contours and a velocity vector plot for 
the fow' different cases. The plots were obtained based on tb x-y cross-section at the 
mid-point of tbe channel lengt h. Tbe plot on tbe left hand side of Figure 6.3 shows 
the anode and cathode of the PEMFC under the cond"ition of very low bumjdjty on 
tbe cathode side, while tbe plot On tbe rigbt shows the condition of low humidity on 
the cathode side. The pressure profile and velocity vectors a re seen to be very similar 
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Channel width 
Cha/lnel hcigl!t 
Chan nel length 
Elec~rodc width 
Electrode height 
Electrode length 
Membrane thickn ess (e m ) 
Permeability of electrode (,,) 
Porosity of electrode (f) 
Flow co nditions at: 
Very low humidity 
Anode 
Inlet velo city 
Mass fraction of H'l 
Mass fraction of H20 
Mixt ure viscosity 
R, 
Cllthodc 
Inlet velocity 
Mass frac tion o f 02 
Mass fr ac tion of Nz 
A-lass fraction o f 1120 
Mixture viscosity 
R, 
Low humidity 
Anode 
Inlet velocity 
Mass fract ion of 1f2 
Ml\ss fraction of 1120 
r"Uxture viscos ity 
R, 
Cathode 
Inlet veloci ly 
Mass fraction o f 02 
Mass fraction of Nz 
Mass fra<:tion o f H 20 
Mixture viscosit y 
R, 
High hun,idi t y 
Anode 
Inlet velocity 
Mass frauion of If'l 
,,,jass frac tion of 11 20 
I\·!ix ture viscosity 
R. 
ClHhode 
Inlet velOCity 
[I.·!ass frllCtio ll of 02 
Mass fraction o f N2 
/I.·lass fraction of H20 
Mixture viscosity 
R, 
8.0e- 4 m 
LOe- 3 m 
O.lm 
3.2e-3 /ll 
2.5e - 4 m 
O.! In 
5.0e-S rn 
2.01! - IO IlI Z 
1.0 
L 73511\/$ 
0 .727 
0.273 
161e-1 kg/nls 
7.33m/s 
0.225 
0.761 
0 .02,1 
2.87e - Skg/ms 
'" 
1.83m/s 
0.635 
0.365 
1.52e-4 kg/ms 
36 
7.9 1m/s 
0 .225 
0. 734 
0.046 
3.71e-!>kg/lII!1 
21 ' 
2.21m/s 
00406 
0.594 
2AI5e- 4 kg/ ms 
3 
9 .05m /s 
0.21 
0 .705 
0.085 
5.19<1e- 5 kg/ms 
176 
Very hi gh humidity 
An ode 
I nl et velocity 
Mass fraction of f12 
Mass fraction of l 1z0 
,,·r;xture viscosity 
R. 
Cathode 
Inlet ve locity 
Mass fraclion o f 02 
Mass fra ction of Nz 
Mass fractio n of H 20 
Mixture vi:rrcosity 
R, 
Temperature of cell 
Pressure of cell 
C ritical temperature o f hydroge'l ( Tcr , H2 > 
Crilical temperature of a ir (T" r.,, ;r) 
C ritical temperature of o;.cygen (Ter,O z ) 
C ritical temperature of water (Ter . 1120 ) 
Critical pressure of hydrogen (Per, 1I2 ) 
C r itical preSSure o f air ( P er .a ;,.) 
Cri t ical IlteSsure of oxygen (Pe r .0 2 ) 
C r iti cal pressu re o f water ( Pe",H'l 0) 
1. 
Dry equi\'ale'lt weight of PEM (.J\1""dr ~) 
Open ci rcuit p otential 
C ell voltage 
2.56m/s 
0.295 
0.705 
2.848e-"l<g/ms 
3 
12,911l/s 
0.187 
0.6 1 
0.203 
9. 686e-5 kg/lIls 
131 
3'13K 
1.013e5 
3,J.3K 
132K 
15,1, 4K 
6<17.3K 
12.8alm 
36Aatln 
<\9 .7IJ.tm 
221 ,2alm 
100.0A/m2 
1. 1 kg/ lIlol 
uV 
O.53V 
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Table 6,1: Values of geometry and empirical parameters used in the base case (reported 
data used in [122]) 
----------------- -------------------- - - - -
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between the two cases considered since the velocities applied are almost equivalent . 
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Figure 6.3: Press ure contour and velocity vectors at the mid-point o[ the channel 
length: very low bumidity (left) and low humidity (right) 
Due to the low permeabili ty in the electrodes, there is a high Bow restriction in 
all directions. As a result, the veloci ty vectors in tbe anode electrode can be seen 
to spread across the shoulder area and pointing in the direction towards the anode 
electrode/membrane interface. Their magnitude increases as they approach the elec-
trode/membrane interface. This shows that both hydrogen and water are being con-
sumed on the membrane surface. On the cathode side, the velocity vectors are seen to 
be point ing from the electrode/membrane interface into the gas channels. T his shows 
the effect of the water formation, and that the rate of water formation is greater than 
that of oxygen depletion. 
T he overall vector patterns in Figw'e 6.3 indicate the total mass coming ill or going 
out of the membrane. The vectors at tlle anode side show that there is a higher rate of 
mixture transport compared to the cathode side. Note that hydrogen is lighter tban 
oxygen aJlCl therefore , volumetric fl ow of hydrogen caused by electrocbemical mass con-
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Figure 6.4: Pressure contour and velocity vectors at the mid-point of the channel 
length: very high humidity (left) and high humidity (right) 
sumption is greater than oxygen. The same can be said for Figure 6.4 where the plot 
on t he left hand side shows the case of very high humidity on the cathode while that 
on the right hand side shows the high humidi ty case on t.he cathode. 
Figure 6.5 shows the average mass fraction of the various species along the channel 
length at hoth the anode and cathode electrode/membrane interfaces. Hydrogen gas 
mass frac tion is seen to increase down the channel despite the fact that it is being 
consumed by the electrochemical reaction. This is because water is constant ly being 
dragged aCrosS the membrane by protons and the amount of water diffused from the 
cathode to the anode side is insuffi cient to replen ish this . Hence, the mass of water on 
the anode side will decrease down the channel and from mass balance, hydrogen mass 
fraction will then increase. 
Looking at the mass fTaction of species on the cathode side, oxygen is seen to dep lete 
for the first 15% of the channel and then remains almost constant . The same can be 
said for the water mass fraction, where it increases for a short distance down the chan-
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nel and then remains almost constant . T his means tbat tbe gas reactants are present 
in suf6cient amount to maintain the elcctrochemical reaction. A point to note is tbat 
a t the cell temperature of 70°C, tbe mass fraction of saturated wa ter vapoW' a t the 
· . . MH'lOP1ito 
cathode, ULH, O .sal., IS calclllated to be 0.235 (USUlg tbe equatloll m l/,O.sld. Plll .2 ). 
The meaning of ml/,O.sal is tbat a t a given ceU tempcra tUl'e, if tbe mass fraction of 
water present in the ceU is greater than m H, O .... l , then liquid water will form. It can 
he seen that for tbe case of l.ligh humidity, tbe wa ter lJIass fraction a long the channel 
is almost equivalent to the calculated value of m f/ , O .sal' Water present in the cell is 
totally in liquid form for the case o( very high hwnidity. On the anode side, water is 
present in the vapour phase throughout. 
Figure 6.6 shows I;/]e complU'ison of res lli ts bc·,tween those reported in [122) " ncl the 
present model. T he operating cond it ions are given in Table 6. 1. All the foUl' cases 
considered arc in coflow, where the hydrogen aud oxyg'll gases arc fed into the cell on 
the same side (i.e. from z= Z1 to Z2 on both anode and cathode sides). 
~ 1.4 • Numerical predictions from 11151 (P=l atm) ~ 
E Present predictions (P=l atm) 
" • Experiments from 1115J {p=2atml .c 1.2 
.c 
• Present predictions (p=2atm) 
'" ;S 
~ 
.;;; 
c 
'" '0 0.8 C 
l!! 
'5 0.6 0 
'" 
'" i  
'" 0.4 1 > 2 3 4 <{ 
Degree of humidity. I -very low. 2-low. 3-high. 4-very high 
Figure 6.6; Average CWTCU t density ratio dependence 0 0 the inlet humidity 
In FigW'e 6.6, cW'rent densit ies are presented as a !'atio. Tbjs is beca.use in the 
work of [122) , the experimental data were obtained based on a press lire of 2 a tm while 
Ulunerical pred ictiollS were carried out based on a 1 atm operating pressure. It can be 
. eell that tbe results obtained from the present model m'e in excellent agreement with 
those of [l22J [or all the cases considered. Good agreement is also obta ined with the 
experimenta l re. ults obtained in [122] , except for the case of very high humjdity. As 
the degree of bUl.Iljdity increases, tbe average Cllrrent density increases. T his is d ue to 
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the fact that the amount of current obtained is strongly rela ted to the degree of hy-
dratioll of the membrane (equations 4.18 and 4.19). Hence, as the humidity increases, 
the membrane is more hydrated , resulting in bet ter performance. However, this is only 
true if the electrode is not flooded wit h excess water . This can be seen to occur in the 
experimental result at very high humidity. 
The drop in current density at very high humidity in the experiment is very likely 
due to tbe presence of excess water in tbe cathode electrode, which leads to flooding 
and hence results in species mass transport limitation to the catalyst area where elec-
trochemical reaction takes place. This arguement can be supported by looking at the 
mass fraction of water along the elect.rode/membrane interface on the cathode side in 
Figure 6.5. It can be seen that water is indeed all in the liquid pbase for the very high 
humidity case, hence the tendency to cause electrode flooding. Under such circum-
stances, current density will drop significantly since the electrode pores are blocked 
and hence only a limi ted amoun t of reactant gases are able to reach tbe catalyst layer 
for electrochemical reaction to take place. In the present model, no such phenomenon 
can be captured since porosity of the electrode is assumed to be spat ially constant 
and does not take into account the effec t of flooding. The diffusion coefficients of the 
species are only reduced by a constant factor of 0.5 to account for pore tortuosity and 
porosity under all conditions of operations. This probably explains the difference in 
result obtained between the model and experiment at very high humidity. 
In the present work, the current densities obtained based on an operating pressure 
of 2 atm was also carried out. It can be seen that based on a pressure of 2 a tm, the 
current densities obtained is thus closer to the data obtained from experiments , except 
for the case of very high humidity on the cathode. 
Another point to note is that in the work of [122], five transport equations were 
solved, namely, hydrogen and water on the anode side, and oxygen, nitrogen and water 
on the cathode side. However, in the present model, only water on the anode side, 
and oxygen and water on the cat bode side were solved for. The remaining species, 
such as hydtogen on the anode side and ni trogen on the cathode side can be obtained 
by the mass ba lance of total species present on each side. Figure 6.6 shows excellent 
agreement between the model of [122J and the present prediction. This shows that 
solving for three species transport equations in total for this case is sufficient . This 
will be more efficient as it reduces the number of equations to be solved. Furthermore, 
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by applying the condition of lllasS balance to obtain the remaining specie mass fraction 
improves tbe rate of convergence and hence reduces computational time. 
6.2 Verification of Code with Recent Experiments at Lough-
borough University 
Comparison of the predictions from the present model with data obtaincd from 
the literature in section 6.1 is only a partial validation since only global data (eg. 
average cmrent density) could be checked against experimental measurements. This is 
insufficient as it does not give enough ev idence that whatever predicted in the modelled 
fuel cell is locally correct. In tltis section, verification of tbe present model against 
experiment data obtained using a segmented cell (to allow local measurements along 
the channel) wi ll be carried out. A segmented cell consists of shoulder widths that 
a llow data such as the current density to be measured locally at points a long the 
shoulders. Details of the experimental setup can be found in the work of [38). Here, 
only a brief description of the experimental setup will be given to allow the details of 
the calculat ion undertaken to be understood. 
6.2.1 Brief D escription of Experimental Setup by [38) 
The segmented fuel cell used in [38J was based on a square lvlEA with an electrode 
area of 200cm2 The type of MEA used was the GORE SELECT PRIMEA 6000 
membrane with a catalyst loading of 0.35mg/cm2 . The electrode in the MEA is made 
of carbel CL (carbon cloth coated with Pt powder). A schematic diagram of the 
segmented current collector showing points along the shoulder wid ths where CUlTent 
dens ity can be collected is given in Figure 6.7. T he local current density can be 
measured at each individual segment along the shoulder length. 
The experiments carried out used hydrated hydrogen on the anode side and hy-
drated air on the cathode side. This means that the governing equations given in Table 
4.l are still valid here. Both the anode and cathode were operated using a conventional 
gas distributor. Experimental data were obtained for different cases by varying the 
ittlet relative humidi ty and stoichiometry (ratio of the amount of reactant fed into the 
cell to the amount consumed by electrochemical reaction) on the cathode side. This 
was done by lowering the relativc humidity wh ile increasing the stoichiometry simul-
taneously for the cathode while keeping all other parameters constant. 
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Channel width 
Channel height 
Channel lellgth 
Electrode width 
Electrode height 
Electrode length 
Membrane t hickness (t rn ) 
Permeability of electrode (/\.) 
Porosit.y of electrode (E) 
Anode flow rale 
Anode mixture viscosi ty 
Rea 
Case ( 
Cathode stoichiometry ( Rec::::340 ) 
%Rl1anode 
% Rf-Icntltode 
Cathode mixture viscosity 
Cell voltage 
Total current 
Case 2 
Cathode stoichiometry { Rec::::253) 
% RlIanode 
% RHcathode 
Cathode mixture viscosity 
CeJl voltage 
Total current 
Case 3 
Cathode stoichiometry (Rec= 132) 
%/lHanode 
%RlI cathode 
Cathode lTiixture viscosity 
Cell voltage 
Total curr(!nt 
Mole [ractiorl ratio or 02/ N2 
Temperature 
Pressure 
p $ot 
Critical temperat ure of hydrogen (Tcr ,J/2) 
Critical temperature of air (Ter,air) 
Critical temperat ure of oxygen (Ter ,02) 
Critical temperat ure of water (Ter ,lhO ) 
Critical pressure of hydrogen (Per, Hl ) 
C riti cal pressu re of air (Per ,air) 
Crit ical pressure of oxygen ( Pcr,02) 
Criti cal pressure of water ( PerJI20 ) 
10 
Dry densHy of PEM (Pm.,dry) 
Dry equivalent weighL of PEM (M m,dry) 
Open circuit potent ial 
l.Oe - 3m 
l.Oe- 3 m 
0.137m 
6.0e- l m 
2.2e-" rn 
O.137m 
6.0C 5m 
I.Oe- IOm2 
0.4 
6.84 m/s 
2.t06c - 4 kgjrns 
12 
7 
[29 
47 
6.24e- Skg/ ms 
O.5V 
4.15A 
3 
129 
65 
3.16e-.5kg/ms 
O.5V 
3.5A 
2 
129 
83 
3.548e- 5 kg/ms 
O.5V 
3.1A 
0.21/0.79 
3331< 
3.03ge5 
20178.96N/m' 
33.31< 
132K 
t54 .41( 
647.31< 
l2.8atm 
36.4atm 
49.7atm 
221 .2atm 
100.OA/m' 
2000.0kg/m3 
I.lkg/ mol 
1.1 V 
Table 6.2: Values of parameters used In the base case 
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_ Segments In coll.'Ct local current 
... "'" 
Figure 6.7: ScI,cmatic diagram of a segmented curre nt collector 
The ba.~e case condi t ions used for the experiments are given in Table 6.2 [38]. In the 
experimeLlts, the permeability of the electrodes used was measlU'ed to be 6.0e- 14 m 2 
As mentioned in sect ion 3.2, there is a Ijmit ing value of permeability that can be 
applied to the present CFD code for convergence in an adjacent porous/noLl-porous 
region. However, it has also been shown that beyond a certain value of permeabili ty, 
further lowering its value will result in negligible d ifference (section 5.3.1 ). [-lence, in 
the present model, a value of l.Oc- 10m2 has been used instead, to enable convergence. 
T he Reynold ntunber for the different cases considered are small (Table 6.2). Hence, 
Bow of the ga.,es are considered to be lami nar. 
In the experiment, the number of gas channels introd uced into the anode ClUTent 
collector and the cathode CUJTent collector were different . In order to red uce compu-
tational time, a repeating un it of the f,ill cell was identified. A schemat. ic di agra m of 
the cross-sect ion of part of the complete fuel cell is shown in FigUJ'e 6.8. T he repeating 
unj t ident ified is given in Figure 6.9. T ills repeating uni t will be the solu tion domain 
applied for the present model. 
For the current predktion, a grid dependence test was carried out on both the 
anode and cathode side of the fuel cell . F igure 6.10 shows tbe mass fract ion of water 
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c...-rent coUeCCor GH_ Electrode 
_ .. .. 
COl ..... ...... 
F igure 6.S: Cross-section of the cell gcolUetry in the cxpcrilllcIl ts 
~" 
~n __ +-~ __ ~ ____ l-__ ~ __ ~~~~ 
~~--+-------------------------~ 
~., 
cathode gas channel --
CalhOde electrode __ 
-' -
"'""'" ----Anode etectJode 
Anode gas channet --
Figure 6.9: Repeating uni t of thc cell used in the experiment and model 
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Figure 6.lD: Grid dependence lesl for lhe anode side of the 3D geomelry 
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'0 
0 
'" 0; 
~ 
0 
N 
I 
'0 
c: 
0 
~ 
If) 
If) 
.. 
::2 
0.22 
0.2 
0.18 
0.16 
0.14 
0.12 
C01J0 12 0.0014 
___ Total grid density=276000 
___ Total grid density=138000 (Base case) 
___ Total grid density=69000 
0.0016 0.0018 0.002 0.0022 0.0024 0.0026 
Channel height, m 
F igure 6.11: Grid dependence lesl for lh cathode side of tbe 3D geomet ry 
across tbe anode gas channel and elect rode (at x= X3tX~, YO $ y $ Y2 'Lod ~.= Z l tZ2 ) 
while F igure 6.11 shows the mru s fraction of water across the cat hode gas chal1JlcI and 
electrode (at x= X2tX3 , Y2 $ y $ Y 4 and z= ZltZ2). T be grids were tben fixed at: 5 
cells in the i-direct ion (x) , 10 cells in the j-dircction (y) and 200 cells in tbe k-d irection 
(z) for the balf size gas channels; LO 'ells in the i-direction (x), 10 cells in the j-direction 
(y) and 200 cells in the k-direct ion (z) for th full size gas channels; ".lId 49 cells in tbe 
i-d irection (x), 10 cells in the j-direction (y) aud 200 cells in the k-direction (z) for the 
el ·trodes. 
T he boundary condit ions used wi lll,here[orc be those given in section 4.1.1, except 
tha t now, more boundaries have to be considered. T he boundary condi tions wi Ll be 
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given again below, 
Boundary Conditions 
Inlets 
At the inlet, the known velocity vectors and species mass fractions are specified, 
z = Z l , XO ::; x ::; X l and YO ::; y ::; Yl 
z = Zl , X3 ::;x::; X 4 and YO ::; y ::; Yl 
z = Zl , XO ::; x ::; Xl and Y3 ::; Y ::; Y4 u = uin mi = m~n , , 
z = Z l , X2 ::; x ::; X3 and Y3 ::; y ::; Y4 
z = Zl , X5 ::; x ::; X6 and Y3 ::; y::; Y4 
where tbe superscript "in" refers to the inlet condition at the gas channels and the 
subscrip t "i" refers to the individual specie. 
Outlets 
At the outlet , the velocity vectors and species mass fractions are given the zero gradient 
condition , 
z = Z 2, XO ::; x ::; Xl and YO ::; y ::; Yl 
z = Z 2, X3 ::; x ::; X 4 and YO ::; y ::; YI 
z = Z 2, X O ::; x ::; Xl and Y3 ::; Y ::; Y 4 
z = Z 2, X 2 ::; x ::; X 3 and Y3 ::; y ::; Y4 
z = Z 2, X 5 ::; x ::; X6 and Y3 ::; y ::; Y4 
Impermeable surfaces 
For porous regions with an impermeable surface, the velocity normal to the surface is 
zero while the velocities in the other directions have a "slip" condition whereby their 
gradient is zero. Hence, for the elec trodes, considering the X· Z plane, 
y= YI, X l ::; x:; X3 and Z l :; z:; Z 2 
y = Y I , X 4 :; x:; X 6 and Z I :; z:; Z2 
('0) = a(u) = a(w) = a(m;)~ = 0 y = Y2 , XO:; x:; X 6 and Z I :; z ::; Z2 
y= Y3 , X l :; x ::; X2 and Z I :; z:; Z 2 
ay ay ay 
y = Y 3, X 3 :; x:; X5 and Z I :; z:; Z 2 
In the X-Y plane, 
z = Z l , XO:; x:; X 6 and Yl :; y:; Y 2 
z = Z l l X O:; x:; X 6 and Y2:; y:; Y3 ) (w, , 8(., , 8H , 8(rn,,' , 0 
z = Z 2, X O:; x:; X 6 and Y l :; y :; Y 2 oz oz o z 
z = Z 2, X O:; x:; X 6 and Y2 :; y:; Y3 
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For the non-porous wal ls, considering the X-Z plane, 
y= YO, XO ::;x::; Xl and Zl ::; z ::; Z2 
Y = YO, X3 ::; x ::; X4 and Z l S z S Z2 
y = Y4, XO ::; x ::; Xl and Zl S z S Z 2 
y= Y4, X2 ::; x ::; X3 and Z I S z :::; Z2 
y = Y4, X5:::; x:::; X6 and Zl S z S Z2 
In the Y-Z plane, 
x = Xl , YO:::; y:::; Yl and Z l S z S Z2 
x=X l , Y3 ::;y::;Y4 a,nd ZI:::; z S Z2 
x= X2 , Y3 S y:::; Y 4 and Zl S z S Z2 
x= X3, YO S Y S Yl and ZI S z S Z2 
x= X3 , Y3 :::; y:::; Y4 and Z I :::; z S Z2 
x=X4, YO:::; y:::; Yl and Z I :::; z S Z2 
x= X 5, Y3Sy :::; Y4 and ZI ::; z S Z2 
Sy mmetrical surfaces 
omi 
u =--=O 
ay 
u =omi=o 
ox 
119 
Assuming that end effects are negligible and that only a repeating unit of the complete 
cell needs to be modelled, each repeating unit will be bounded by two symmetrical 
sides. For the porous electrodes, considering the Y- Z plane, 
x=xo, Yl S y:::; Y2 and Z I :::; z S Z2 
x=XO, Y2 S y:::; Y3 and ZI ::; z S Z2 o(u ) = o(mi)fJ = 0 
x=X6, Yl S y:::; Y2 and Z I :::; z S Z2 ox ox 
x=X6, Y2 S y:::; Y3 and ZI:::; z S Z2 
For the non-porous channels, considering the Y-Z plane, 
x =XO, YO S V S Yl and ZI :::; z :::; Z2 la" ~ x= xo, Y3SV SY4 and Zl ::; z :::; Z2 - =-= 0 x ax 
x = X6, Y3 S Y S Y4 and ZI :::; z:::; Z2 
Junct ion b etween blocks 
At block/block interfaces where fluid is allowed to fl ow from on block to another, i.e. 
at the COmmon interfaces between the gas channels and the porous electrodes, 
11 = Y t, XO:Sx~Xl and ZI$'$Z2 
y == Y l , X3$x ~ X4 and Z I ::; , $ Z2 I.. {{' ., (t'~'" ,.""" .,,{ y= Y3, X0:Sx:5 Xt and Zl::; z ~ Z2 u ::::; U ,p ::::: p '-0- = !) 1/"8 = J-I.effa 
y= V3, )(2:S x:S X3 and Z 1 :S z :5 Z2 !J Y Y Y 
Y =. V3 , X5 :S x :S X6 and Z I ::;z~Z2 
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where the superscript "np" refers to properties in the non-porous region while "p" 
refers to properties in the porous region. 
6.2.2 Comparison of Results 
Six cases have been considered: a cathode relat ive humidity of 47% with stoichiom-
etry 7, cathode relat ive humidity of 65% wi th stoichiometry 3 and cathode relati ve 
humidity of 83% with stoichiometry 2. Each case was also considered in conow and 
counterfl ow configurat ions. Experimental data has been taken from [38] for each of 
these cases. Since the value of porosity is not known for the electrodes used in the 
experiments, two values of porosity are presented as comparison. 
Figures 6. 12, 6.13 and 6.14 show the cases for a cathode inlet relati ve humidity of 
47%, 65% and 83% respecti vely, for both tbe collow and counterAow configurations. 
The mole fract ions of hydrogen, oxygen and water at the anode and cathode down 
the channel for the coflow case at a porosity of 0.4 are also given. The reason why 
a porosity of 0.4 is chosen will be given below. Looking at the three current density 
plots, the case with the highes t inlet velocity will produce a higher current density 
along the whole of the channel. This is true for both the cofl ow and counter flow con-
figurations. This is because a higber inlet velocity will allow a higher concentration of 
reactant gas to reach the catalyst layer for electrochemical reaction to take place by 
improved convection. Furthermore, with a lower concentration of water fed into the 
cell , t he degree of mass transpor t limi tation occurring due to flood ing of the electrodes 
will be reduced. In addi tion, the high veloci ty helps in removing any excess liquid 
water from the cell. All these points work towards a better performance from the fuel 
cell, prov ided the amount of water introduced into the cell is still su.ffi cient to keep the 
membrane well hydrated. 
For the coflow configuration, hydrated hydrogen and air are fed into the cell at 
z=Zl. However, for the counterflow configuration, hydrated air is fed into the cell at 
z=Zl wllile hydrated hydrogen is fed into the cell at z=Z2. Under the present oper-
ating condi t ions, there is not much difference in overall performance between using a 
coflow or counterflow configuration. 
It can be seen that a porosity of 0.3 gives a better fi t to the experiment data for 
the cru es of 65% and 83% relative humidity at the cathode while it under-estimates 
the CU1'rent density for the 47% relative humidity case. This is true for both the coflow 
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and counterflow configUl'ations. However, a porosity of 0.4 is chosen to be the base 
case in the following calculations. This will be explained in the following paragraphs. 
With a porosity of 0. 4, the current densities obtained for the 47% relat ive humid-
ity case is very close to that obtained from the experiment . However, for the cases 
of 65% and 83% relative humidity, the simulated resul ts are higher compared to the 
experimental data. This can be explained by looking at the mole fraction of water on 
both the anode and cathode side. From Figures 6.12, 6.13 and 6.14, it can be seen that 
water concentration at the anode is slightly above that for the liquid water saturation 
value. This means that water is present in the liquid phase. On the cathode, water is 
present in the liquid phase almost along the whole channel length, except near the inlet 
where wa ter is present in the vapour phase. This means that there is a possibility of 
liquid wa ter flooding the electrode, especially at the cathode electrode, thus reSisting 
the fl ow of reactants to the catalyst layer for all three cases considered . 
It can also be seen that at a higher inlet relative humidity, a higher water concen-
tration in the liquid phase at the cathode is present along the whole channel length. 
Since in the model, water is only considered in the gas phase, phenomena such as elec-
trode flooding cannot be captured. This will result in a higher cmrent density obtained 
for the simulated results compared to the experimental data and such effect will be 
greater as the relat ive humidity increases . This explains why the simulated results for 
the two higher humidi ty cases produced a cunent density curve which is higher t han 
that obtained from the experiment whi le the simulated results for the lowest relative 
humidity case shows good agreement to the experiment data. This partly expla ins why 
a porosity value of 0.4 is chosen. 
From the three different current density plots, it can be seen that there is disagree-
ment between experimental data and the simulated results. Disagreement is largest 
near the inlet and outlet of the channel. One explanation for the disagreement near 
the out let may be due to the presence of liquid water in the electrodes. Liquid water 
tends to be present in greater amount near the exit of the channel since water is accu-
mulated down the channel from the product water as a result of the e1ectrochemical 
reaction. The lower current density obtained in the experiment may be explained by 
this accumulation of water that causes lllasS transport limi tation of the reactant gases 
to the catalyst sites for elec trochemical reaction to take place. Since in the model, 
the effect of two phase flows has not been implemented and all the water produced is 
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assumed to be in the vapour state, which will not result in any pore blockage, such two 
phase effects will not be visible. This will be further discussed briefly in section 8.3 . In 
addition to t he liquid water problem mentioned , another possibili ty was suspected to 
be the cause for the disagreements . T his may be due to the efFect of inlet and out let 
manifolds and this will be described below. 
The disagreements at both the inlet and out let may be due to the presence of the 
manifolds in the gas channel fo r the experimental data while no manifolds has been 
modelled. When distribut ion manifolds are present , t he gas fl ow has to di verge from 
its original path into the gas channels. At the point of divergence (at the gas channel 
inlet ), the velocity profile in the inlet of the gas challllel will he non-u niform (higher 
on the downstream end and lower on the upstream end). This is especially so for the 
last gas channel. A velocity vector plot fot· such a circ umstance is given in F igure 
6.15. Figure 6.15 shows the velocity vectors obtained in a repeat ing uni t of an inlet 
manifold , an outJet manifold ami a gas channel. 
With the higher velocity at the inlet , the species will reach the catalyst layer at 
a higher concentration due to the greater effect of convection, reSUl t ing in a higher 
CUl'l'ent density obtained. In the predict ions so far, such pbenomena have been nc-
glected and only a flat velocity profile was nsed at the inlet of the gas channels. Hence, 
the current density obtained is lower at the inlet, especia lly for the base case of 47% 
cathode relative humidity when the ai r stoichiometry is extremely high. 
The same can he said for the outlet . The velocity vector is seen to be higher near 
the gas channel outlet since there is another change in flow direction. However, in this 
case, despite the high velocity, an increase in the current density is not expec ted to 
take place since at the end of the gas channel, there is already less reactant present and 
also liquid water may be present to prevent the reactants from reaching the catalyst 
layer. In fact, lowering of the current density is expected since the species are removed 
from tbe gas cbannel at a higher rate. 
The argument presented above may not be so valid for the inlets of the two higher 
relative humidity cases considered especially in the co flow configuration wbere the 
simulated resul t produced a higher CUlTcnt density at a porosity of 0.4 compared to 
the experimental data. However, thi is likely to be due to neglecting the effect of 
elec trode flooding. Other reasons for the disagreement could be due to the conditions 
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Figme 6.15: Velocity vector for a Clm'ent collector showing the ma.nifolds toget her with 
the gas channels 
in which the experiments have been conducted, such as tbe t ime tbe experiment has 
been a.llowed to run before data are taken and whether the MEA has been used a 
couple of times at other operating conditions. All these will affect the experimental 
data obtained. 
In order to test tbe argument above, a simple test case of introducing the manifolds 
was carried out. As mentioned above, in t he real case, the central portion of the gas 
channels in the CWTent collector should be modelled since the result then obtained will 
represent the majori ty of the gas channels in the cu.rrcnt coll ector. However, in order 
to do this, the flow condition has to be made such that gas has to fl ow in from one 
end of the inlet manifold , thmugh the individua l gas channels and the remaining flow 
has to leave the other end of the inlet manifold. In doing so, the flow into each gas 
channel has to be estimated so that a known outlet flow at tbe other end of the inlet 
manifold can be fixed. T llis will result in complicated houndary cond itions. This can 
be seen in Figure 6.16. The top figuxe of Figme 6.16 shows the distribution of gases 
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in the repeating unit of an actual fuel cell geometry while the bottom one shows the 
simplified version wh ich is to be used in the present calculat ion. 
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F igw·e 6.16: Distribu tion of gases in gas channels wi th manifold effec ts: real situation 
for the repeating uni t(top) and simplified version for the repeating unit (bottom) 
Furthermore, due to the complex a rrangement of the anode and cathode channels 
used in the experiment (Figw e 6.8), in order to find a geometrical repeating uni t to be 
modelled that includes the manifold, a large number of channels have to be modelled 
(> half a million grid nodes required), resulting in high comp utation time. Hence, a 
Simpli fi ed test was carried out where the other end of the inlet manifold is assumed to 
be closed , so that the flow is forced to fl ow into all the gas channels present. This, in 
fact will represent the strongest case scener io since the effect of the high velocity at 
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the inlet wi ll be at its maximum. 
The other reason why a porosity of 0.4 was chosen to be the base case condition 
is explained here. Figures 6.17 and 6.18 show the effect obtained when the manifolds 
were introduced. It can be seen that by introducing the manifolds , the whole current 
density curve is lowered for all the three cases considered. If a porosity of 0.3 was chosen 
to be the base condition, applying the manifold effects will lower the current density 
Curve obtained further , resulting in a much lower current density curve compared to 
experimental data for all three cases. 
When the manifolds effect are introduced, the inlet current density obtained is 
lowered, instead of increasing to a higher value as expected. One explanation for this 
may be due to the fact of applying the manifolds to the repeating ullit shown in the 
bottom figure of Figure 6.16. Due to the "complex" geometry, the repeating unit used 
may not be a valid repeat ing unit when manifolds are introduced. For example, with-
out the manifolds, symmetry boundary conditions can be applied to the left aJld right 
channels on the cathode side in Figure 6.9 but the same does not hold when manifo lds 
are present. However, if the symmetry boundary condition is not used, then it does 
not represent a repeating unit of the actual geometry of the cell. This means that the 
fl ow of gases into eacb channel will be different and hence taking the average of the 
current density from the clmnnels may not represent what is actually happening in the 
real situation. However, the current estimated model can still be used to give an ide<t 
of whether the effects of manifolds do p lay a part, even though the manifolds modelled 
are not the exact ones physically. 
The outlet effect after the matlifo lds were introduced is significant, especially for 
the 3% relative humidity case. The current density obtained shows a great deviation 
to the case where no manifolds are used. Here, the current density shows a greater drop 
near the outlet whicb corresponds more to the shape of the curve in the experiment . In 
fact, the clUTent density obtained in the outlet is lower than that from the experiment. 
This may be due to the fac t that the manifolds introd uced here corresponds to the 
strongest case scenerio. Hence, if proper manjfold effects are taken into consideration, 
the drop might not be that great . 
F igure 6.19 shows the interaction between the two water transport mechanisms in 
the membrane of a fuel cell : electra-osmot ic drag coeffi cient and diffusion coefficient 
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at a cathode relative humidity of 47%, 65% and 83%. The net transport of water per 
molecule of proton across the membrane is also shown. The net transport of water 
per proton is always a posi tive number. This means that there is a positive flow of 
water from the anode to the cathode along the whole channel. In addition, overall 
diffusion takes place from the cathode to the anode along the whole channel. At the 
inlet, the amount of reactants and the part ial pressure of water are high, leading to 
high membrane conduct ivity and hence the local current density is also high. Further 
down the channel, the membrane becomes dryer due to lower water concentration on 
the anode side. This causes the membrane conductivity and local current density to 
decrease. Decreases in local current density then lead to lower water concentration on 
the cathode side and hence the diffusion coefficient of water from the cathode to anode 
decreases. The net water transport per proton decreases down the channel since there 
is less water present down the channel and hence the amount that each proton can 
drag with it across the membrane decreases. 
One point to note is that the empirical equations used in section 6. 1.1 are obtained 
based on the Nafion 117 membrane. In this project , the GORE SELECT PRIMEA 
series membrane was used instead. However, from the results, it looks like the equa-
tions are valid for this type of MEA as well. 
6.3 Summary 
A three-dimensional model of a complete fuel cell has been modelled and the model 
has been verified with the work ofShimpalee [122]. T he model is assumed to be isother-
mal and any water present is in the vapour phase only. Both the local electro-osmotic 
drag and diffusion of water acrOss the membrane are taken into acco unt . The local 
water content at the anode is used to determine the membrane conductivity, drag and 
diffusion coefficients since it is at the anode where limitation due to water dehydration 
is expec ted to occur. It has been shown that not all the species equations need to 
be solved for. One of the species on the anode or cathode side can be obtained by a 
mass balance of the total species present . Furthermore, the presence of liquid water 
on the cathode side is seen to lead to blockage of the electrode, causing mass transport 
limitation to the catalyst layer for electrochemkal reaction to take place. This will 
result in a lower current density obtained. 
---- - --
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The model was then verified with experimental data which were obtained locally 
along the channel length . This is a stronger verification as it ver ifies current density 
obtained point by point along the channel length. Good agreement has been obtained 
between experimental data and the s imulated results locally. Slight disagreement is 
seen to occur near the inlets and outlets of the channels. This may be part ly due to the 
eft'ect of the manifolds and also due to the forma tion of liquid water wh ich causes the 
mass transport limitation of reactaut gases to the catalyst layer. A simplified version 
of the manifolds was introduced and it was found that the presence of the manifolds 
do lower the current density at the end of the channel as ohserved experimentally. 
Empirical equations based on the Nafion membrane were used to model the behavior 
of the GORE SELECT PRIMEA membrane and results show that the equations seem 
to be valid for this type of MEA. 
The net transport of water across the membrane from the anode to the cathode side 
was seen to decrease down the channel length. T his is because the reactant concen-
trat ion decreases down the channel, hence the current density obtained wi ll be lower, 
leading to lower water produced on the cathode. T his will reduce the eft'ect of back 
diffusion, leading to a lower concentrat ion of water on the anode side to be dragged by 
th protons across the membrane. 
The verified 3D complete PEMFC can now be used to carry out parametric studies 
to determine bow certain parameter variation will affect the cell performance. T hese 
will be presented in the following chapter. 
Chapter 7 
Parametric Studies based on a 
Three-Dimensional Complete 
Fuel Cell Model 
In the previous chapter, it was shown that varying the cathode humidity and stoi-
chiometry can result in significantly different current density. Apart from varying these 
operating conditions, the cell geometry plays a role in achiev ing optimum cell perfor-
mance. For example, for a certain celJ area, bow many gas cbannels should tbere be 
to achieve maximum current density? In order to achieve the optimum performance, 
parametric studies have been carried out using the verified model to understand how 
certain parameters can affect the cell performance. In this chapter , parametric studies 
will be carried out based on the geometry of Figure 4.2. In terms of geometry vari-
ation, the various stud ies will include the effect of electrode thickness and shoulder 
width with respect to the gas channel width. Variations in operating conditions will 
take into consideration the permeability effect of the electrodes, the effect of vary-
ing the relative humidity of the anode and cathode sides, the effect of increas ing the 
flow rate, the effect of using oxygen instead of air and the effect of changing cell voltage. 
The current density ohtained is considered high if it is greater than lOOOOA/m2 • 
In each of the cases mentioned above, contour plots will only be shown for the high 
current density case since in fuel cell operation, in order to obtain high power density, 
the cell has to he operated at the high current density range. The hase case conditions 
are given in Table 7.1. Only one parameter was changed from the base case conditions 
at a time. 
L _ 
Channel width 
Channel hei gh t 
Channel lengt.h 
81ect rode width 
Electrode height 
Electrode length 
Membrane thickness (tm ) 
Permeability of elect rode (x:) 
Porosity of electrode (f) 
Stoichiometry 
%R/-/a'IDde 
% RHc(Jthode 
Anode mixture density 
Anode mixture viscosity 
Cathode mixture density 
Cathode mixture viscosity 
Cell voltage 
Total current 
Mole fraction rat io of 02/ N2 
Temperature 
Pressure 
Pil~'o 
Critical temperature of hydrogen (Tcr. II '2 ) 
Critical temperature of air (TcT,ai r ) 
Critical temperature of oxygen (Tc r .02 ) 
Critical t.emperature of water (Tcr , 1-12 0 ) 
Critical pressure of hydrogen (Pcr,H,J 
Cri tical pressure of air (Per,niT) 
Critical pressure of oxygen ( Per,O:;) 
Critical pressure of water ( Pc r,H2 0 ) 
I, 
Dry density of PEM (Pm ,dry) 
Dry equivalent weight of PE!v1 (Jldm ,drll) 
Opcn circuit potential 
LDe- 3m 
l.De-3m 
D.lm 
1.6e-3 m 
2.De- 4 m 
O.137m 
G.De-sm 
l.Oe - 10m 2 
0.3 
2 
129 
83 
0.37kg/m' 
2.I06e- 6kg/ms 
3.lkg/m' 
3.36e- Skg/ms 
O.5V 
3. IA 
0.21/0.79 
333 1( 
3.03ge5 
20l78.96NJm2 
33.3[( 
132[( 
154.4[( 
647.3]( 
12.8atm 
3G.4atm 
49.7atm 
221.2atm 
IOO.OA/m' 
2000.0kg/m' 
l.lkg/mol 
l.lV 
Table 7.1: Values of parameters used 111 the base case 
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7.1 Parametric Variations Relevant to Cell Geometry 
In designing fuel cells, it is important to consider the geometry of the cell so that 
max imum current can be obtained from as small a cell as possible (eg. high ClUTent 
density) . This will reduce cell size, especially in fuel cell stacks, which will make it 
more at tractive. Hence, considerations have to be made in terms of how many gas 
channels should there be with respect to the shoulder wid th in a given area of cell 
space, and the thickness of the electrodes to be used. These factors will be considered 
below: 
7.1.1 Effect of Shoulder Width 
In this case, the gas channel wid th is kept a t l. Oe- 3m while the wid th of the shoulder 
is varied between 0.00075m to 0.00025m. The size of the shoulder width affects the 
performance of the fuel cell in two ways . Firstly, having a smaller shoulder width will 
enhance the transport of reactant species to the catalys t layer dil'ectly above/below the 
shoulder area. This can be clearly seen in Figure 7.1. Figure 7.1 shows the distribution 
of oxygen at the cathode electrode/membrane interface when the shoulder width is 
varied while keeping the channel wid th constant. As the shoulder width increases, 
the oxygen concentration over the shoulder area decreases significantly. T his tends to 
decrease the limi t ing current density. Furthermore, the oxygen concentration over the 
channel area is lower since some of the oxygen tends to difruse to the wider shoulder 
area. 
Secondly, having a smaller shoulder width will increase the contact resistance be-
tween the current collector and the MEA. This will lead to greater ohmic loss since 
there is less contact area to collect the electrons. Figure 7.2 shows the current density 
profile. As the shoulder width increases, the current density obtained is lower. This is 
due to the highly reduced oxygen concentration above the shoulder area. Hence, for 
the present operating condition, the a.dvantage of having a higher oxygen concentra-
tion a t the cathode electrode/membrane interface by hav ing a smaller shoulder width 
outweighs that of ohmic loss. 
The pola.risation curve shown in Figure 7.3 shows that with a wider shoulder width, 
mass transport limitation takes place at a lower current density, resulting in a lower 
maximum peak [or the power density curve. Having a ratio of gas channel width to 
shoulder width of 1.3 (for the case of shoulder width equivalent to 0.00075m) is seen to 
7.1. Parametric Variations Relevant to Cell Geometry 137 
0.001 5 
shoulder 
E 
" '5 0.001 
'j; 
" channel "0 e 
~ 0.0005 
W 
shoulder 
0 
Channel length, m 
0.002 
shoulder 
E 
.c' 0.0015 
'5 
.". 
" 
0.001 channel 
"0 
e 
il w 0.0005 
Shoulder 
0 
Channellenglh. m 
0.0025 
E 0.002 
.£ 
" j 0.0015 
" 
" e 0.001 
<3 
~ 
W 0.0005 
0 
Channel length, m 
Figllre 7.1: Mass fraction of oxygen at the electrode/membrane interface with a shoul-
der width of: O.00025m (top), O.0005m (m;ddle) and O.00075m (bottom) 
7.1. Parametric Variations Relevant to Cell Geometry 
'" E 
~ 
:i-
·en 
<:: 
Q) 
"0 
E 
Q) 
~ 
~ 
:::> 
<> 
Q) 
en 
Cl! 
~ 
Q) 
> 
<{ 
28000 
26000 
24000 
22000 
20000 
18000 
16000 
14000 
12000 
10000 
8000 
6000 
4000
0 0.025 
shoulder width~0.00025m, lave= 12650Alm2 
shoulder width=0.0005m, lave= 12220Alm2 
shoulder width=0.00075m, 'ave= 11 038A1m2 
0.05 
Channel length, m 
0.075 0.1 
138 
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shoulder widths 
produc the lowest peak performance. By increasing the ratio to 2 shows all increase 
in the peak performance. Pmther increment of the ratio to" resul ts in a performance 
ouly a lit t le better than that using a ratio o[ 2. Hence, opt imum gas channel width to 
sbou.lder widtb is seen to occur at a ratio of approximately 2. 
7.1.2 Effect of Electrode Thicknesses 
Fom cases of electrode tbicknesses arc considered , namely: O.OOIm, O.002m, O.004m 
and O.OOOm. F iglLre 7.4 shows tbe oxygen d i tribu t ion at the cathode electrode/ mem-
brane interface a t high current: density as the electrode th ickness increases. As the 
electrode thickness increases , a lower amount of oxygen reaches the react ive area as 
there is more resistance to flow for the reactive gases to reach the catalyst layer. T his 
might easily lead to oxygen deplet ion at higb cun-ent density, especially near the end 
of the channel. However, [or a th icker electrode, t here is a mOre even distribution of 
oxygen concentration between the cbannel area and the sholllder area since there is 
more room for diffusion ill t he spallwise direction. A disadvantage of using too thin 
an electrode is tbat the electrode tends to wear out easily but too thick an electrode 
might im pair its performance unless a higber prcssme is applied. 
In general, a tb inner electrode is preferable siuce the only advantage of using a 
---- -- ---
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thicker electrode t hickness is to enhance fl ow slight ly over the shou lder width a rea by 
diffusion. From the previous analysis on t he effect of shoulder widtb , it has been shown 
that it is prefe rable to bav tbe size of t h shoulder width to be sllJaller than that of 
the gas ch<l.nnel. Using such a configm a tion wi ll reduce the problem of lillli tatio n of 
l'Citdallt fl ow over the shoulder width a rea, hellce, maki ug the use of a thi cker elec(,rode 
unnecessary. 
Figltre 7.5 shows the average currell t density o btained down t he channel for the 
di fferent electrode t hicknesses. car the inlet, the t hinner electrode produces higher 
current density. This is because a higher concentration of oxygeu reaches the reaction 
area. However, the th icker electrode out performs the thinn er onc from [0% down the 
channel. T his clearly is lIot dlle to a redu ct.ion in t he a mount of oxyg Jl ill the t hinner 
electrode. T he reason may be seen in Figure 7.6. 
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Figurr 7.6 shows the amount of water present at the anode e1ectrode/memhrane 
interface. As can be seen, about 10% down the channel from the inlet , there is less water 
avai lable on the thinner electrodes. This results in mcmbrane dehydrat ion and hence 
l'cducing the membrane conductivity. As a result , the electrok inctics is Ih llitated by 
the trallsport of protons across the memb ran to the cathode, Icading to lower curl'CIl t 
Icusity. T his has bappelled despite the fact that therc is suffi cient react'tllt gas at 
both the anode and cathode for electrochemical react ion to take place (Figlll'es 7.4 
aud 7.7). From these results, tbe importance of keeping the mcmbrane well hydrated 
to sustain high performance is clearly shown. Tncr asing the electrodc thic:kness is seen 
to improve tbe cell performance to tbe point where mass transport limitatioll begins 
to take place. This occurs for the case where the electrode thickness reaches 0.0006m. 
There, despite the fact that water is present in higher amounts, hydrogen does not 
reach the catalyst. layer in an a.mount required for efficient electrocbemica.1 rea ·t ion to 
ta.ke pla.ce, as can be seen in FigUl'e 7.7. 
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Figure 7.8: Polarisation curve (left) and power density curve (right) for th various 
elcctrode thicknesses 
Figure 7.8 shows tbe polarisa.tioll an I power density curves for the cell with different 
electrode thicknesses. Increasing the elcctrode thickness from O.OOOlm to 0.0002m 
results in better performance. Not much improvement is seen on further illcreasing 
the thick ness to 0.0004m . Mass t l'a.nsp rt lirn ita.tion is seen to take place whell a. 
lttickncss of 0.0006m is used , where the pola.r isat ioo curve drops below tbe level ill 
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which a thinner electrode thickness was used. In general, a thinner electrode th ickness 
is preferable as it improves the Duxes' of reactant gases to the catalyst layer. The 
problem of dehydration at the anode can be easily reduced by sufficiently humidifying 
the inlet fuel so that the membrane can be kept hydrated to prevent dq ing. In this 
case, an electrode thickness of around O.0002m is preferable. 
7.2 Parametric Variations Relevant to Operating Condi-
tions 
Apart from geometrical considerations, different operating condi tions will also af-
fect the performance of the fuel cell. Factors such as electrode permeability, degree of 
humidity, fl ow rate, operation using a ir or oxygen and cell voltage, am ng others are 
believed to play a part. The role of a ll these factors can easily be studied using the 
current model. In this section, analysis of such parameters have been carried out. 
7.2.1 Effect of Electrode Permeability 
Three different values of permeabili ty are considered here: l.Oe-8 m2 , l.Oe- 9m2 
and l.Oe- IOm2 The role of the degree of permeability only affects the flux of species 
towards the catalyst layer by convection, due to the Darcy term. As the permeability 
value decreases, there is more resi tance to the flow of species to the catalyst layer. T his 
can be seen in Figure 7.9. Decreasing the electrode permeabili ty allows the reactant 
species to spread over to the shoulder area. This can enhance the gases to fl ow in 
the spanwise direction to better utilise the catalyst layer above the shoulder areas. 
However, this will only improve the cell performance if the shoulder area is greater 
than the channel area. As mentioned above, the use of a gas channel having a smaller 
width compare to the shoulder is not preferable. 
The corresponding average current density for the three cases is given in Figure 7.10. 
It can be seen that between the permeabili ty value of l.Oe-8m2 and l.Oe-9m 2 , a drop 
in cm-rent density is obtained. As the permeability value decreases further , no further 
decrease in cm-rent density is observed. Hence, there is a "limiting" permeability value 
whereby further reducing it will not affect the overaLl performance of the fuel cell . This 
is further emphasis from the polarisation and power density curves in Figure 7.1l. In 
general, it may be suggested that in terms of electrode properties, the porosity term 
may be more important in affecting the performance of a fuel cell , as can be seen in 
sect ion 6.2.2. This means that diffusion plays a more important role than convection to 
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rigur 7.9: Mass fraction of oxygen at the Icctrode/membrane interface for a perme-
ability value of: l.Oe- 8m2 (top), 1.0e- 9 m2 (mjddle) and l.Oe- tOm 2 (boLLom) 
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transport the species fluxes to the catalyst layer. From this study, it can be seen that 
lowering tbe permeabilj ty of the electrode beyond it value of l.Oc- 9m2 will not affect 
the performance of the cell. This support.s the decision to use a value of permeability 
of l.Oe- IOm2 for the model in section 6.2 instead of the experimentally measured value 
of 6.0e- 14 m2 for the electrodes. 
7.2 .2 Effect of D egree of Humidity on Air Operation of the Cathode 
Water plays a very important part in the performance of fue l cells. If too much 
water is present in the electrodes, the electrodes will Aood, lead ing to mass transport 
li mitation of species to the catalyst layer. However, if the membrane is dehyd rated , 
then it w ill lose its conductivity and limi t the amount of current produced. Hence, it 
is interesting to see the effect of increasing the relat ive bum idi ty of both the anode and 
catbode ou the performance of the fuel cell. Both tbe cases of coflow (the anode and 
cathode inlet is placed on the same end of the ceU) and counterflow (the anode and 
cat bode inlet is placed 011 t he opposite end of the cell) are cons idered. 
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Increasing the Relative Humidity of the Cathode while the Relative Hu-
midity of the Anode Remains a Constant, Coflow 
In t his study, the anode relat ive humidity was fixed at 100% while the cathode 
relat ive humidity was increased (rom 0% to 40% to 80% and finally to 120% (although 
this can be due to neglect of liquid water). fi gure 7.12 shows the distribu t ion of oxygen, 
water and the current density when the cathode relative humidity is increased . The 
current density obtained does not vary much between the difl'erent cases considered 
from the inlet to about 25% down the channel. Further down the chatll1el, the cm rent 
density increases as the degree of humidity increases, although the difference is not 
very great. Correspondingly, the mass (raction of oxygen decreases. From the water 
profile, the increment of water is greater than the decrement of oxygen. This is due to 
both the increase in inlet water alld the fact that water is produced at a rate of 2+40' 
t imes that of oxygen consumed. This higher amount of water improves the membrane 
conduct ivity and hence the current dens ity obtained is lugher. 
Increasing the relative humidi ty of the cathode by the same factor produces species 
mass fraction curves that are equidistant from each other. However, the same cannot 
be said for the current density curve. This is because the current density is highly 
dependent on the concentration of water at both the anode and cathode and this de-
pendence is usually stronger near the out let of the channel. The oxygen concentration 
decreases down the channel, resulting in a lower ClInent density. A lower current den-
sity implies a lower production of water. Hence, the amount of water present at the 
outlet is less compared to the inlet. Increasing the relative humidity will maiutain, 
or in this case, increase the amount of water near the end of the charu:tel to keep the 
membrane well hydrated . 
In addition, at the anode, water depletion usually occurs near the outlet of the 
channel since water is being dragged from the anode to the cathode through the mem-
brane a long the channel. The amount of water diffused back from the cathode to the 
anode tends to be smaller than the electro-osmotic drag. Hence, there is a net transport 
of water from the anode to the cathode. Therefore, increasing the rela tive humidi ty of 
the cathode will increase the water diffusion from the cathode to the anode, resulting 
in higher water content at the anode and hence better performance. This can be seen 
in Figure 7.12 for the curve showing the mass fraction of water on the anode side. 
The polarisation anel power density curves in Figure 7.13 show that the perfor-
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mance of the cell iJlcreases as the cathode relative humidi ty increases. Mass transport 
limi tation d ue to electrode flooding is not seen to take place even when the cathode 
relative humidity was increased to 120 %. In general, the effect of increasillg the rel-
ative hu midity can be observed near the channel ex it where water depletion tends to 
oceul' nl'st. 
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Figure 7.13: Polarisation curve (left) and power density Cll've (right) for collow C01l-
figuration 
Increasing the Relat ive Humidity of the Cathode while the R elative Hu-
midity of the Anode Remains a Constant, Counterflow 
When the cell is operated in the couJlterflow configuration, as the relative humidity 
increa.~es, the current density increases. T his can be seen in Figure 7.14. The oxygen 
con entration can be seen to drop near the chalUlel outlet. T his may be explained by 
tbe fact tbat the cathode outlet is where the anode inlet is, just on the otber id of the 
membrane. Hence, hydrogen concentratinn is highest near the cathode outlet, leading 
to higher 'urrent density, higher consumption of oxygen and also higher concentration 
of water produced. At the cathode inlet , despite the high concentration of oxygen 
present , the current density is lower since there tends to be less hydrogen present anel 
also partly due to lower water concentrat ion at the anode outlet, causiJlg a reduction 
in membrane conductivity. 
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Current density can be seen to dmp near the cathode inlet when dry air is used 
as the oxidant . This may be due to the onset of membrane dryness, leading to lower 
membrane condnctivity. Increasing the relative humidity a t the cathode tends to 
wipe out this effect since mOre water is being diffused over to the anode to keep tbe 
membrane better hydrated. 
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Figure 7.15: Polarisation curve (left) and power density curve (right) for counterflow 
configuration 
Figure 7.15 shows tbe polarisation and power density curves for the counterHow 
configurat.ion. It can be seen that as the degree of humidity increases, t be limiting 
current densit.y increases, as do the maximum power density. However, heyond a 
relative humidity of 80% at the cathode, furtber increment in the relat ive humidity 
does not seem to improve the performance of the cell . A comparison between tbe use 
of coHow and counterHow configuration shows that using a coflow configuration tends 
to produce higber average current density under the same conditions. 
Increasing the Relative Humidity of the Anode while the Relative Humidity 
of the Cathode Remains a Constant, Cofiow 
Increasing tbe anode relative humidity is expected to result in much improved per-
formance since the fuel cell is usually dehydrated first on the anode side. Figlll'e 7.16 
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shows a jump [rom 1.4A/cm2 to 1.9A/cm2 at the inlet when the relative humidity 
increases from an anode relative humidity of 40% to 80%. This fw-ther increases to 
2.35A/cm2 when the relative bumidity is 120%. The benefit of increasing the anode 
relative humidity from 80% to 120% is less than that from 40% to 80%. T hc water 
concentration at the anode is also shown in FigUl"c 7.16. lncreasing the relative humid-
ity at the anode from 40% to 80% results in a large increment of water concentration 
at the anode nemo tbe inlet . Further increase in relative humidity produces a smaller 
increment o[ water comparatively at the inlet. 
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F igure 7.17: Polm'isation curve (left) and power density Cutve (right) [01· callow con-
figuration 
Looking at the polarisation and power density curves in Figure 7.17, it can be seen 
that a higher anode humidification level does improves the cell performance sigrufi-
cautly and mass transport limitation occurs at a higher current density. 
Increasing the Relative Humidity of the Anode while the Relative Humidity 
of the Cathode Remains a Constant, Counterflow 
Looking at Figure 7.18, the current density increas as the relative humidity in-
creases, and the increment is almost equidistant from a relative humidity of 40% to 
80% and from 80% to 120%. Pw·ther increment of the relative humidity is expected to 
improve the per[ormanc flrrther. 
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Figure 7.19: Polarisation curve (left) and power density ctu've (right) for CO UIlI;erUow 
configuration 
Figure 7.19 sbows tbe polarisation and power density cUJ"Ves for tbe counterflow 
configtu:at ion. Increasing the anode humidity improves the membrane hydrat ion, lead-
ing to h.igber current density. The limjting CLUTent dens ity is seen to increase as the 
degree of humidity increases, leading to higher power density obtained. As before, the 
performance of the cell is better when using the coflow configuration. 
In general, it can be seen tbat a coflow configuration of the anode and cathode 
leads to a higher cell performance compared to a counterflow configuration. DiTect 
humidification of the anode inlet is seen to be a more effective method to keep the 
anode membrane hydrated, compared to back diffusion of water from the cathode. 
Furthermore, a relative humidity of above 80% is seen to improve the performance of 
the cell and the relative hnmidity can even go beyond 100% if the liquid water present 
does not lead to flooding of the electrodes. 
7.2.3 Effect of Oxidant Concentration 
In fuel cell operat ions, it is common to use air as the oxidant as a ir is readily 
available and does not need to be processed. However, the concentration of oxygen 
in air, which is the main reactant gas, is low. Performance will be affected unless a 
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sufficiently high pressure is applied at tbe cathode inlet to increase the concelltration 
of oxygcn reaching the catalyst layer. This is because the current dcn .. ity i .. dependent 
on the partial pressu.re of oxygen. Figure 7.20 compares the performancc of the cell 
by "sing diffcrent concentmtiolls f oxygen as the oxidant. The turee c,).,os considered 
arc: using pure ail' , using ail' enriched with aO% of oxygen and using p\ll'C oxygen. 
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Figll1'e 7.20: Polarisation cll1'ves for the lifl'erent concentration of oxygen applied 
It can be seen that not much difference is observed between all the th rce CilSe. a t 
h.igh potential since low curr nt density is produced and the need (or effi cient distri-
bution of oxygen to the catalyst tayer has not set in. At low potential, mass transport 
limi tation begins to set in for thc case where pure air is used. This is due to insufficient 
oxygcn reach ing the catalyst layer where elecLrochemical reaction takes placc. With 
oxygen Ilriched air, mass transport limitation takes place at a lower potential and 
bencc h.igber current density is possible. When pll1'e oxygen is used i).~ the oxidant, 
the polarisation curve obtained is higher since at the same app lied pressure, a highcr 
conccntration of oxygen reachcs the catalyst laycr. No mass trausport limita tion is 
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observed for the case with pw·e oxygen as the oxidant and it fo llows an almost straight 
line. T he factor that prevents the cell from producing higher current when pure oxygen 
is used is probably due to the ohmic losses that occur at tbe membrane. Hence, the 
use of pure oxygen for fuel cell application is preferable althougb it has t.o be weighed 
with the cost in doing so. 
7.2.4 Effect of Varying Mass F low R ate 
Increasing tbe mass flow rate simply means increasing tbe inlet velocity of the 
reactant gases. This will lead to an increase in the mass fraction of oxygen reaching 
the catalyst layer by improved convect ion while keeping all otber parameters constant. 
Furthermore, if liquid water is present in excess amount , the high velocity of the gases 
is able to remove partially the excess liquid water to prevent flooding. In general , 
tbis is considered to improve the cell performance since tbere will then be a higher 
concentration of oxygen available for electrochemical react ion to take place. However, 
this is not always true. 
As can be seen in Figure 7.21 , as the mass fl ow rate increases, tbe cell prod uces 
less current down the channel length. T llis may be due to the fact tbat by increasing 
the velocity of the gas flow , a lthough the Buxes of oxygen tbat reach the catalyst layer 
increases, electrochemical reaction that takes place will still be limited by the rate 
reaction. This means that the current produced will be limited . Any excess presence 
of oxygen will have to be recirculated . Since the current produced is limi ted, there 
is also a limitation to the amount of wa.teT produced. Hence, at high fl ow rate, more 
water will be driven out of the cell. This will reduce the hyd ration of the membrane 
and since the membrane conductivity is highly dependent on the presence of water, 
the cell performance will be poorer if water is present in insufficient amount to keep 
the membrane well bydrated. 
This shows that there must be a strong ba.lance between the amount of oxygen 
and water presence in order to obtain maximum efficiency in the performance of the 
fuel cell. Oxygen should be present in sufficient amowlt to utilise the catalyst layer 
full y whi le maintaining sufficient water to keep the membrane weU hydrated for high 
membrane conductivity. Figure 7.22 shows that both the polarisat ion cw·ve and power 
density CUTVe are lower when a higber fl ow rate is applied. 
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Figure 7.21: Average curreut deusity (top), average mass fraction of oxygen (middle) 
and average mass fraction of water (bottom) at different mass flow rale of lhe cathode 
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Figure 7.22: Average CUlTent density (top), average mass fraction of oxygen (middle) 
and average mass fraction of water (bottom) at different mass fl ow rate of the cathode 
7.3 Summary 
Parameter variations relevant to the design of fuel cells have been carried out to 
study their effect on the cell operation. It has been found that a thinner electrode 
layer is preferable since reactant gases a re able to reach the catalyst layer with less 
J"esistance. This is true especially if the cell is poorly hydrated, to prevent any localise 
drying. Lowering the permeability of the electrode enhance species diffusion in the 
spanwise direction . This is only useful if the shoulder area is large. However, it has 
been shown that in order to obtain high current density, small shoulder wid th is pre-
ferred since then the reactant gases can be efficient ly transported to the catalyst layer. 
T his implies that a more porous electrode is better. However, it has to be remembered 
that the need for a porous electrode is to increase the contact area at the catalyst layer 
to enhance electrochemical reactions. In addi tion, it gives an even distribution of gases 
throughout the electrode layer. Hence, a compromise has to be made regarding the 
most effective permeability value of the electrode to be used . 
Increasing the relati ve hu.n:tidity of the inlet gases at both the anode and cathode 
tends to result in higher current density to be obtained. T his is especially true if the 
anode inlet gas is humidified . It has been shown that under the current operating COIl-
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ditions, the coflow configurat ion tend to produce a higher ceU performance compared 
to the counterflow configll1'ation, although the difference is not very signific<Ult. 
Introd ucing pure oxygen as the oxidant produces much higher current density com-
pared to when pure air or air enriched with oxygen is used as the oxidant, as expected. 
At high potentia l, not much difference can be seen between the three cases since suf-
fkient oxygen is present to enable electrochemical react ions to take p lacc. At low 
potential, mass transport limi tation of oxygen begin to set in and the current density 
obtained dl'Ops signifi cantly when pll1'e air is used. Oxygen transport limitation occur 
at a lower potential when air enriched with oxygen is used. No oxygen t ransport li mi-
tation is observed when pure oxygen is used and the Cll1'rent limi tation in this case is 
mainly due t,o resistance losses in the cell. 
FinaIly, it has been shown that increas ing the flow rate of the gases does not 
necessarily rcsults in higher performance. This is especially so if a lot or the water 
produced from the electrochemical react ion is being transported out of the cell by the 
high flow rate. This will result in water depletion in the cell and affect its performance. 
In general, there are many factors affecting the performance of the fuel cell simul-
taneously and all these factors have to be weighed comparatively together, depend ing 
on the kind of output desired for a particu lar applicat.ion. It bas been demonstrated in 
this chapter that it is relatively easy and straightforward to use tbe current CFD model 
when designing fuel ceUs to test various parameters to obt.ain tbe optimum operating 
conditions and cell geometry. For example, the cell geometry may be held fixed whi le 
various operating conditions such as those mentioned above are var ied accordingly, 
one at a time: Alt.ernatively, certain operating conditions may be held fixed while the 
cell geometry is varied. A plot of the power density curve wil1 show the condition 
under which maximum performance occurs. T his wi ll aid in designing and optimising 
fuel cell performance witbout the need to carry out expensive and time-consuming 
experiments. 
Chapter 8 
Conclusions and Future Work 
It has been shown that valuable information to help improve an und rstanding of 
tI,e fluid flow, species transport and local current density profile that d velop in a 
polymer electrolyte membrane fue l cell (PEMFC) can be obtained numerically em-
ploy ing comp utatioual fluid dynamics (CFO) techniques. This thes is is the first to 
provide a verificat ion of simulated predictions with experimental data on a local basis 
in three-dimensions and hence establish con fidence in the described informat ion pro-
vided by the model. It is believed therefore that the verified model can be used directly 
in tbe design process of PEMFCs. 
8.1 Achievements 
A literature search has been carried out to understand the propert ies of PEMFCs 
such as: the water transport mechanisms across the membrane a lld how the degree of 
hydration of the membrane can affect the cell performance, the fl ow of fluid in porous 
media and bow this differs from fl ow in a non-porous medium, the e1ectrochemistry 
that takes place in a PEMFC and tbe various methods available to model the PEMFC. 
A few papers bave heen selected (eg. Nguyen [112], Springer [39] and Sllimpalee [122]) 
to be the basis of tbe work carried out in this thesis. 
The original CFO solver available at the start of the project, with governing equa-
tions based on fluid flow only in non-porous media, has been modified to be applicable 
for flow in porous media. Validation of the modified equations witb analytical solut ions 
has been completed. 
Based on the work of Nguyen [112], a two-dimensional model fol' the cathode of a 
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PEMFC has been carried out. This was done by implementing new subroutines into 
the CFD code to take into consideration the transport of various chemical species. Sink 
and source terms that correspond to mass destruction of oxygen and mass creation of 
wa ter respectively have also been im plemented. T he model was then used to study tbe 
performance of the fuel cell by varying the electrode propert ies and cell dimensions. 
The 2D model was further developed into a 3D one and since th is 3D rnodel can take 
into consideration the fl ow of species both along and across the channels and electrodes 
(w hich is more realistic), it was used to compare the performance of both conventional 
and interdigitated flow distributors. 
The CFD code was then furt her extended with new species equat ions and source 
terms to account for the Aow of species and electrochemica l reaction that take place 
on the anode side of the PEMFC. A di rect coupling of water across the membrane 
between the anode and cathode was accomplished by app lying empirical equations 
obtained from the work of Springer [39J. Apart from va lidation of the model on a 
global basis against Shimpalee's model [122], the 3D complete PEMFC model was 
also verified on a local basis with recent experimental data obtained at Loughborough 
Uni verSity [38J. Good agreement was obtained. The verified model was then used to 
obtain quali tative insight into the factors that a ffect fuel cell performance. 
8.2 Conclusions 
The successful three-dimensional numer ical simulation of PEMFC as presented in 
this thes is shows that fluid dynamics, species concentrat ion and local current densities 
in a typical fuel cell can be predicted using the finite-volume approach. The model 
acco unts for fluid flow in plain channels and porous media. The verified model is ca-
pable of predicting the distribution of reactant gases, local current densities as well as 
the fuel cell performance under various operat ing condit ions. These observat ions are 
very difficult to achieve experimentally due to the complexity and small leugth scale 
involved. 
Parametric st udies reveal the effects of various operating and geometrical parame-
ters on fuel cell performance. These can be used as tools in aiding the optimal design 
of PEMFCs. 
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8 .3 Future Work 
T he model presented here represents a significant step towards physically realistic 
three-dimensional simulations of a complete PEMFC under various operating condi-
t ions. T he res ults presented in this thesis demonstrated the capabilities of the present 
model in providing insights to what is physically happening in a fuel cell. However, 
the present model cannot be considered to be a complete one. In order to improve the 
model further, the following extensions could be implemented into the CFD code: 
• Implementation of Heat Transfer: In the actual performance of a fuel cell, 
the temperature within the cell does not remain a constant. It varies depending 
on the difference between heat generation created by electrical losses and thermal 
operating boundary conditions (heat loss to cooling environments) . If the cell 
temper<ttnre is too high, it will cause the water present in the cell to evaporate, 
leading to possible membrane dehydration. This will then result in a drop in local 
current density, thus reducing the performance of tbe fuel cell. The effect of heat 
transfer can be implemented into the CFD code relatively easily by including a 
solution of the energy equation including source terms. These SOurce terms will 
account for heat generation due to electrical energy changes, heat lost due to 
irreversibilities associated with charge transfer, beat transfer between the fluid 
and tbe solid part of tbe porous electrode and any heat transfer due to phase 
changes [117J [118J [159J-[162J . 
• Implementation of Multiphase Flow: As shown in the previous chapters, 
the presence of water plays a crucial role in the performance of the polymer 
electrolyte membrane fuel celL When the partial pressure of water in the cell ex-
ceeds the saturated water vapour pressure at a given temperature, water vapour 
will condense. Water in the liquid phase, if present in excess amount will cause 
electrode flooding, decreasing the cell performance. As liquid water forms, the 
reactant gases will be Bowing in a mixture of vapour and liquid , result ing in a 
two-phase flow of fluids. 
The presence of liquid water will cause a change in the overall mix ture density. 
The performance predicted by single phase models will deviate from the actual 
performance of the PEMFC a t higb current density wbere tbe cell performance 
is greatly affected by the cathode flooding. Only with a multiphase model will 
such phenomena be captured. When liquid water is present, the transport of 
------------------- -
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gases in the porous electrode may be dominated by capillary forces rather than 
diffusion. Thjs is due to the effect of capillary pressure which affects the mixture 
How field. 
Implementation of mul tiphase flow can be carried out using the present CFD 
code. No modification of the Navier-Stokes equations is necessary, only the 
species transport equations will be affected . The species transport equations 
have to be modified such that they solve for the gas species concentration when 
in the single phase region, but solve for the species mixture concentrat ion when 
liquid water is present. T his can be done by introducing Source terms into the 
species transport eqnations that take into consideration the change in phase, 
which is a fnnction of capillary pressure between the two phases, and surface 
tension at the gas/liquid interface. 
In the multiphase region, in order to be able to differentiate between gaseous 
and mixture properties, an extra variable, liquid saturat ion has to be solved for. 
Liquid saturation is defined as the ratio of volume of liquid water over the total 
volume of vapour and liquid water. Detailed governing equat ions that describes 
multiphase modelling can be found in [163). Application of multiphase modelling 
relevant to fuel cells can be found in [164) [165) [166) [167). It is recommended 
that this is the most important area for fu tm e development of the present model. 
• Implementation of electrical potential: In t.he current model, the overpo-
tential has been calculated based on empirical equat ions. In order to avoid the 
use of empirical equations, the electri cal potential fi eld in the membrane, catalyst 
layers and electrodes could be solved for directly. The membrane and catalyst 
layers will have to be solved as separate computational domains. Based on elec-
troneutrality, the reSUlt ing potent ial equation will be in the form of the Laplace 
equation. The overpotential can then be obtained from the difference in poten-
tial between the membrane/catalyst layer interface and catalyst layer/electrode 
interface, be it on the anode or cathode side. From the known overpotent ial, 
the current can then be calculated from the Butler Vo lmer equation. A detailed 
membrane model is very complicated. This approach has been carried out by 
Bernardi [89] [90). With such a model, it is possible to couple the fuel cell to the 
external load via boundary conditions to obtain the electrical fi eld [147]. 
Appendix A 
Appendices 
A .I Calculation of H ydrogen and Oxygen Flow Rates 
Molar mass of hydl'Ogen = M{f2 (kg/mol) 
Mola.r mass of oxygen = JIIf02 (kg/llIol) 
Number of gas channels on anode side = !turn. 
N umber of gas channels on cathode side = !turnc 
Uni versal Gas constant = R (J /moIK) 
"araday's constant = F (As/mol) 
Pressure = p ( /m2) 
Stoichiometry (ratio of inlet reactants to that needed for electroch mi ',1 I' action to 
t.ake place) = T 
o nsity = p (kg/m3 ) 
Temperature = T (K) 
Current density = I (A/rn.2) 
Area of inlet = A (m2 ) 
Overall chemical react ion: 
Hydrogen consumed at the anode (per unit area) = A~f l (kg/m2s) 
Oxygen consumed at the cathode (per unit area) = A~f I (kg/m2s) 
Iul t flow of hydrogen = It;, (mol/s) 
Inlet fl ow of oxygen = I~~r (l + ~n (mol/s) 
Since p = '!{; 
Inlet. velocity of hvdrogen = ~(Mm.) (rn /5) 
.J 2J' (~/l2 
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Humidity 168 
Inlet veloci ty of oxygen = ~ (1 + m ('~;g,' ) (ID / s) 
Inlet velocity of hydrogen in a single channel = 1=2'1' ( MU;") (m/s) 
, PJl'lnu {1 
Inlet velocity of oxygen in a single channel = ~(l + ~;)(po~~';.;n) (m/s) 
A.2 Obtaining Mass Fraction of Each Specie Given the 
Percentage Relative Humidity 
Mole fraction of specie i = Xi 
Mass fraction of specie i = mi 
Percentage relative humidity = RH 
Saturated vapour pressure = Psat 
Pressure = P 
Anode 
Xrr2 + XH20 = 1 
X U 2Q _ l!.1J..1Q _ RNPsot 
XllZ+Xl/20 - P - lOOp 
Substituting A,l into A-2 , 
xfl2o( lOOp - RHPsatl = RHPsat (1 - XTf20) 
XH2o (lOOp - RHPsat + RHPsatl = RHPsat 
Hence, 
X I 0 - RI-/pSftt 
f2 - lOOp 
Xf{2 = 1 - xH20 
Cathode 
X02 21 
X H 2 = 79 
X02+ X H20+XN2= 1 
RH = 100PU 20 
P,lO' 
RflpJt1I. 
PH20 = 100 
(A-l ) 
(A-2) 
(A-3) 
(A-4) 
A.3. Converting Mole Fraction to Mass Fraction 
x - RJ-IP.tlltC:I02+.]!H20+XN2) /1 20 - lOOp 
100PX/l20 = RHPsa,(x02 + X/f20 + XN2) 
' ;/l zo( lOOp - RHPsa' ) '= RHPs.,(X02 + Xm) 
From A-3, 
21 
X02 '= 79xN2 
Substitu ting A-5 and A-6 into A-4, 
170UOXN2 (100p - RHps<t') + RHPs",(XN2 + ~~XN2) = lOOp - RHpsat 
'7uox,v2(100p - RHps.,) + 17~O 't N2RfJPsa' = lOOp -RHps.' 
17~ x N2 ( lOOp) = lOOp - RH p se., 
H nee, 
x - 100g.-Rflp, •• 
N2 - I,. ( lOOp ) 
2 1 
X02 = igXN2 
X ll20 = 1 - X02 - XN2 
A.3 Converting Mole Fraction to Mass Fraction 
Molar mass of mixture = M (kg/mol) 
Anode 
M '= x /l 2M/12 + Xf{20M({20 
m /l 20 = 1 - m U2 
Cathode 
M '= X02M02 + XU20 MI/ ZO + xN2J11f ,v2 
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(A-5) 
(A-6) 
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AA Determination of Permeability of Electrode / Mem-
brane 
In order to determine the value of permeability for a porous ma terial , an experimellt 
may be "ct up and the schematic di '\gram of the setup i" shown in Figure A.l. 
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Figure A.I: Scbematic diagram to determine tbe permeabi li ty of a porous media 
Midpoint radius of MEA = ,. = r" 'i n", (m) 
Change in pressure = ap = p, - P2 (N/m2 ) 
Cbange in radius = er = '·i,,'. - "ex' (m) 
Equation of motion in cy li ndri cal polar coordinates: 
p(~ + v !!!!r. + '!i.~ _ ~ + v !!!!r.) = _Q/>. + f.I [.!L ( l~( rv )) + I 8'vi _ 2 $.!p. + /)'Vi ] CJL r or T a8 T z oz ar Or T i:Jr r T2" ao T2" ao 8 z 
_ l!:!!L. 
~ 
Assuming steady state, 110 swirl , axisymmetric and one-dimensional flow in tbe radial 
direction, 
vo=fo=#Z =O 
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= PVr!!p,- = - ~ + M[#,:(~tr(rvr ))]- ~ 
Pv .!!!!.. = _1fE + 'l{ /J [!(v + r~)J} _ lE!!. , dr dr r- 8r r r Or I\. 
= _1fE + H[ 0 (!it. + !I..!!t. )] _ lE!!. dr ,.- zrr r or I\. 
= _ <!J! + /-' [_!it. + 8 2~r 1 _ lE!!. d,. r~ Dr I\. 
Knowing Q = area' velocity = 211"hv" 
IJ _.JL 
r - 2r.rll 
~ = -2$h 
0'. 0 (#f=~ 
Hence, 
p(~) h~~'h) = -~ - ;r(~) + /.1(6$,.) - ~(~) 
00' _ IfE & "Q .J!fL -~ - - dr - 211'r 11 + 6ir1h . 'J,1r1'h,.. 
.J!fL _ IfE ,,0 nO' 21rd~1'\, - - dr -~ + ~
! _ 2"·,, [_ IfE _ ,,0 + oO'J 
",,- JiQ (ir ~ ~
- Je5L I 
I> - 2~", [!!J!. ,0 + pO' I 
-d,-s;;Th ~
In th e.xperiments carried out in th laboratory, the foUowing data are given: 
Q= 1.8e-7m 3/ s 
8p=O.lbar 
8r= -5.0C3m 
p=1.3kg/m3 
M= 1.83e-5Ns/m2 
r=O.0225m 
h=1.8e- 4m 
Hen e, the calculated value of permeability for tbe electrodes used in the experiment 
is I>=6.0e- 14 m2 
A .5 Implementation of the Agglomerate Model for the 
Catalyst Layer 
It i ' more appropriate to model the catalyst layer usiug an agglom rate model, espe-
cially at. high CUl'rent density when the anode electrok inetics is fast . This is because the 
model ass umed that the catalysts (carbon-plat inum particles) form agglomel'Mcs and 
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between these agglomerates are macro pores where the reactant gases diffuse through; 
each agglomerate is smrounded by a thin layer of solid electrolyte; t he agglomerates 
have a uniform length and the same geometry, and the macro pores are large enough 
so that the reactant gases's concentration is uniform. All these corresponds to a more 
realistic description of the catalyst layer. In such a situation, the reactant gases are 
highly consumed and mass transport limitation starts to take place earlier than pre-
dicted using the homogeneous model, especially on t he anode side. Figure A.2 sbows 
the comparison between the maCrO homogeneous model and the agglomerate model. 
Electrode 
~ 
H oxygen 
H oxygen 
Catalyst Layer 
L 
Protons 
....... c.,.,""', agglomerate surrounding by a 
or membrane electrolyte 
F igure A.2: Macro homogeneous model (top) and agglomerate model (bottom) 
In both the macro homogeneous and agglomerate models, the mass transport is 
described by a diffusion-reaction equation while the protonic transfer is described by 
Ohm's law. Both models differ only in the mass transport equat ion. 
For the agglomerate model, the mass diffusion in the electrolyte can be expressed 
as 
. ej j [a(co, - Co.) ] 
Jdi! jusion = V 0 (A-7) 
where idi! fu sion is the oxygen flux per unit volume, v el J is the effective oxygen diffusiv-
ity in the electrolyte, a is the specific area of the solid electrolyte, {j is the characteriestic 
----------- ----------------------------- -
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thickness of t he electro lyte, C!h is the oxygen concentration in tbe electrolyte at tbe 
gas-electrolyte interface, and Co, is the oxygen concentration at t he catalyst surface. 
T he react ion rate on the catalyst surface can be wri t ten as 
. Co, 
JreactioH = El I v COO 
0, 
(A-8) 
where Ell is an effectiveness factor depending on the agglomerate geometry and v is 
t he reaction rate. Combining equations A-7 and A-8 resul ts in 
(A-9) 
The simplified Bntler Volmer equation can be used to express the reaction rate fo r the 
oxygen reduction reaction (sect ion 2.2.2) 
AIo \_ a"r,, ] 
v = 4F exp RT (A-lO) 
FOI' a cy lindrical agglomerate geometry, the effect iveness factor, El I can be expressed 
as 
El I = tanh(m£.) 
m £. 
(A-ll ) 
where In is t he Thiele modu lus, L is the characteristic length of the agglolllerate, and 
mL = L 
Since j = 4~ \7i , 
v 
COO P "!! 0 , 
\7i = 4F [ ,;a I ] 
p e} C~ + vi'I 
(A-12) 
(A-I3) 
Equation A-I3 can be seell to co nsist of two mass transfer resis tors in series. One 
due to IllasS transfer resistance and the other due to charge transfer resistance. This 
equat ion is then nsed to replace tbe current density term in t be source terms [or t he 
continui ty and species transport equations. 
A.6 Derivations of Analytical Solution for a Non-Porous 
Channel Adjacent to a Porous Channel 
Consider a two-dimensiollal steady fl ow of gas in a porous free plane channel ad-
jacent to a porous medium as shown in Figure A.3. T he velocity vectors considered 
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H'~==================~ L 
Pigtu'e A.3: 2D gcolllctry for au adjaccnt porous/ non-porous channel 
arc a ll in the supcrficial form whi le t ile prcsslll'C is in thc intrinsic form. Assuming tll 
f1uw is SI;cady, developed a nd incompressible; 
Non-Porous Channel 
op a211. 
- ox + f.L a))2 = 0 
0211. 1 ap 
ay2 = J. ax 
with boundary cond it ions, 
IL = 0 at y = H"P 
IL = " in at y = 0 
In tegrat ing equation A- 14 oncc, 
a11. = ~apy + A 
ay {' ax 
Tntegrati ng again , 
1 alJ 2 IL =--y +Ay+B 
2f.Lax 
(A-14) 
(A- IS) 
(A-I 6) 
(A-l7) 
(A-l ) 
ubstitutiug the two boundary conditi liS A-IS and A-16 into equation A- 18 will rcsult 
in 
H op2 ap 
---+AH"P+B = D 
2/1 ax 
(A-l 9) 
(A-20) 
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Substituting equation A-20 into A-19 , 
H np' a . 
__ --E. + AHnp + 1£tn = 0 
2p. a" 
1£in H np f)p 
A=-----
H np 2/10 f)" 
Hence, 
1 f)p 1£in H np f)p . 
1£ = ___ y2 - (-- + ----)y + 1£'" 
2/10 f)" H np 2/10 f)" 
f)1£ 1 ap 1£in H np ap 
- = --y- -- - ----f)y /10 ox H np 2/10 ox 
The viscous stress fo r the non-porous channel at y=O is, 
t-t(8U)nc:...nporolLs = _f.LUin _ fin]) Bp 
ay y_O H np 2 a" 
Porous Channel 
f)p f)21£ /101£ 
- f)" + /1oe!! f)y2 - 7 = 0 
f) 21£ flU 1 f)p 
ay2 - fleJ J" = /1oe!! f)" 
with boundary conditions, 
1£ = uin at y = 0 
f)1£ 
- = 0 at y = H P ay 
Solving for the characteristic equation, uc , 
m 2 _ -/10- = 0 
/leJ JI> 
T his wi ll resu lt ill m = ±J~'ff"' Let F=J~, so that m = ±F. Hence, 
... , ~ 1~t;IIK 
(A-21) 
(A-22) 
(A-23) 
(A -24) 
(A-25) 
(A-26) 
(A-27) 
(MS) 
Uc = A expFy + Be"p-Fy (A-29) 
Solving for the particular equation, let up=Cy+D, so that ~=C and 8;~1' = 0. There-
fore, 
/101£1' 1 f)p (A-3D) 
- /1o . J f" = /1oeJ J a" 
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I' 1 ap 
---ICy + D) = --
l'eJ J '" " eff ax 
(A-31) 
Comparing coeffi cients will lead to D=-~~ and C=O. 
(i.e. u=uc+u,,), 
The general equation results in 
PI'''' ap 
11. = Aexp Y + B exp- Y ---
I' ax 
Applying boundary conditions will result in , 
A + B _ ~ ap = u in 
I' ax 
au AF PHP BF -PH" 0 
- = • exp - exp = 
ay 
A B - 2PHP = exp 
Subst ituting equations A-34 into A-33, 
uill + !S:.!lP. B= ~lIx 
l +exp 2FHp 
Hence, 
'u= 
(uin + !i!!E.)exp- 2FJJP+ l'y 
Jl aX + (u
in + ~~)exp-FY _ ~_a_p 
1 + exp 2F /{ p l +exp 21'I1p I'ax 
a F (uin + !i!!E.)ex<n- 2I'H" + Fy u l.LaX l' 
ay = 1 + exp-2FHP 1 + exp-2FHP 
The viscolls stress for the porous channel at y=O is, 
F( in + K!!E.) -2FHP 
" (au jPorous = l'eJ J U " OX exp 
I elJ ay y=O 1 + exp 2FIlP 
l'eJJF(uin + ~~) 
1 + exp 2F NP 
Equating equations A-25 and A-39 at the porolls/ non-porous interface, 
l'eJJF(uin + ~~)exp-2P fl P 
1 + exp 2P/JP 
l'eJJF(uin + ~~) 
1 + exp 2PH" 
fLUi" H np ap 
--------H np 2 8x 
(A-32) 
(A-33) 
(A-34) 
(A-35) 
(A-36) 
(A-37) 
(A-38) 
(A-39) 
(A-40) 
Taking the following properties and geometries, l'eJ J= I'=1.83e- 5 kg/ms, F=lDOOOO, 
H nP=O.OOlm , H7' =-0.00022m, it can be calcu lated that uin=-54103. 77"'~-2 . 705e-4~ . 
Using this equation relationship between uin and ~, the governing equation in the 
non-porous and porous channel can now be written as, 
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Non-porous channel 
U = 
1 [Jp 2 -54103.77''~ - 2.705e-4 ~ H np [Jp) 
--V -( +-- y-2/1. [Jx H np 2p. [Jx 
54103.7h[J[JP - 2.705e- 4 [J[Jp 
x x 
(A-41) 
Porous channel 
U = 
(-54103.77K!!E. - 2.705e- 4 !!E. + !i!!E.)exp-2FH1'+Fy 
ex ex J1. 8x + 
l +exp 2F Hp 
(-54103.77,,!!E. - 2.705e-4 !!E. + !i!!E.)exp-Fy •. [Jp 
. _____ ~ax~ __ ~~a~X~~M~a~X~~--- '" 
- ---1 + exp-2F II P p. [Jx (A-42) 
fi (Q rl-f'l/) fl Applying a mass ow balance = JO udA where Q is t he volumetric . ow rate 
and is taken to be equivalent to 1.0C 6m3 /s and the area of the inlet channel is 
k b 1 0 1 0 ) '11 I · !!E. 10.-3 Th' h ta . en to e . mm x . mm W I resu t 111 8x -27.05~-4.688e 6 ' 15 means t at 
u in 54.104 ... +2.705e-
7 Hence 
27.05/\:+4.688e 6 . 1 
Non-porous Channel 
1.0e-3 ? 
U = - 27.0S/'i. _ 4.688e-6 [27322.4y- - (-54103770" + 27.05 )y -
54103.77" - 2.705e- 4 (A-43) 
Porous Channel 
U ( 2.705e- 7 - 0.54" ) JOOOOOy 7 8 -20( 2.705e-
7 
- 0.54" ) -IOOOOOy 
exp + .e exp + 
27.05" + 4.688e- 6 27.05" + 4.688e-6 
54.64" (A-44) 
27.05" + 4.688e-6 
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